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INTRODUCTION

The

Na,K-ATPase

triphosphatase)

(sodium pump or Na,K-stimulated

adenosine

is an important membrane bound enzyme that main

tains intracellular ionic concentration and cell volume by moving

potassium in and extruding sodium from the cells.

enzyme unit

functional

subunit and a

is a heterodimer

smaller non-catalytic 0

weight of the a subunit

(a0)

of a catalytic a

subunit.

is about 112 kDa.

The minimal

The molecular

The fi subunit is a

glycosylated protein with molecular weight about 55 kDa

The primary amino acid sequences of both subunits are

peptide).

known.

(35 kDa

The a subunit has about six, seven, or eight

hydrophobic

putative transmembrane domains; while the 0 subunit has only one

transmembrane domain (for reviews, see Sweadner, 1989; Horisberger, et al. 1991) .

The a subunit carries all presently known functional proper
ties of the enzyme, such as the ability to hydrolyze ATP, to bind
Na* and K+ or cardiac glycosides which inhibit the pump activity.

The role of the 0 subunit is much less defined.

function of the £ subunit has been described.
structural

and

functional

synthesis and assembly of

maturation

of

the

the whole enzyme

a

However,

the

It supports

the

subunit

in the

during

endoplasmic

reticulum and its transport from the endoplasmic reticulum to the
Golgi apparatus (McDonough,

and Geering,

1990).

1990; Noguchi, et al.

1987; Akermann

Both subunits have three different isoforms

1

The sequences of the isozymes from

(al, a2, a3, and 01, 02, 03).

cDNA clones indicate that they are derived from different genes,

The isoforms are expressed in a

not from alternative splicing.

The classification of

developmental and tissue-specific fashion.

the isoforms of a subunits into al, a2, and a3 was based on the
electrophoretic mobility of

the corresponding

polypeptides

and

their sensitivity to cardiac glycosides such as ouabain, digoxin

or digitoxin,

are

which

reviews, see Sweadner,
sensitivity

of

the

specific

of

inhibitors

the

1989; Vasilets and Schwartz,

enzyme

to

ouabain

is

The

1994).

determined

by

the

In the rat,

subunit and is a species-specific phenomenon.

(for

pump

a

al is

of very low sensitivity, while a2 and a3 are of high sensitivity.

the identification of isoforms is based on the number

Recently,

of amino acids and on the comparison of total amino acid sequence
and of the N-terminus.

tissues.

The al mRNA has been found in all animal

It is the predominant form in kidney.

been reported in brain and muscle,

most
gland.

mammalian tissues,

The 02

The 01

including kidney,

subunit has been described

retina, and brain.
is the

and a3 transcripts have been

brain and fetal heart.

in

detected

The a2 mRNA has

isoform exists
brain,

in

and adrenal

in bladder,

spleen,

It also has been reported that the 02 subunit

same as the adhesion molecule on glial

cells.

The 03

subunit is a new brain-specific isoform isolated from the Xenopus

laevis embryo

al. 1991).

(for reviews,

see Sweadner,

1989; Horisberger,

How the various isoforms of the a subunit

ciated with the 0 isoforms remains to be established.

2

et

are asso

The presence of high and low activity of the Na,K-ATPase in

the high and low potassium sheep red blood cells was reported by
and

Tosteson

years,

than

Hoffman more

erythrocytes

used as subject

for

35

from different

years ago

kinds

of mammals

Over

have

the
been

Their sodium pump

ion transport studies.

activity has been widely measured.

(1960) .

The most unique characteris

tic of the Na, K-ATPase in erythroblastic cells is that the pump

decreases very

activity

1984).

In some species,

fast after denucleation

such as humans,

(Kirk,

other primates,

et

al.

pigs,

rats and rabbits, the pump activity in mature red blood cells is

able to maintain the intracellular

tassium high and sodium low (HK) .

species, such as cats, dogs,

ionic concentrations of po
On the other hand, with some

lions and seals, the ouabain-sensi

tive pump activity in red blood cells are extremely low or cannot
be measured at all, and their red blood cells are low in potassi
um and high in sodium (LK)

(Tosteson, 1963 ; Miles and Lee,

Some animals,

such as sheep,

genetic types

(Tosteson,

al. 1991).

cattle, dogs,

1967 ;

1972).

have both HK and LK

Inaba and Maede,1986;

Fujise et

It has been found in genetically LK sheep that there

is a Lp regulatory protein (Fllory and Tucker,

19'70) .

An anti

body against the Lp protein stimulates the pump activity either
in reticulocytes or mature red cells in LK sheep (Dunham et al.,

1976; Lauf, 1978; Xu, et al., 1992, 1993, 1994).

Inaba and Maede

(1986) have found evidence based on immunoblots that the membrane
of erythrocytes from both HK and LK genetic types of dogs has the

3

same al isoform of the Na,K-ATPase as found in kidney. The Na,K-ATPase is lost by degradation by the reticulocyte lysates from both

genetic types containing ATP-dependent proteolytic system.
these

findings

cannot

completely

explain

why

the

All

sodium

pump

activity suddenly changes in erythroblasts during maturation in

either HK or LK animals.
Besides the existence of an inhibitory protein or proteoly

tic system, changes in the Na,K-ATPase activity in erythroblasts
during maturation could be due to a decrease in the amount of the

pump protein, which can be

tracked down to

the transcriptional

or the translational level of protein synthesis. For example:

(1)

There could be a decrease in the amount of the mRNA of the sodium
pump

after denucleation,

resulting in the decline of

the syn

The abundance of the mRNA of the

thesis of the pump protein.

sodium pump could decrease after denucleation because the cell
cannot have new transcripts from the nucleus and the templates in

cytosol continuously degrade.

(2)

The pump protein could have

been made, but may not function well.
lose

most

of

the Golgi

Because the reticulocytes

apparatus and

some

organelles

during

denucleation, glycosylation of the 0 subunit may not be complete.

Since the 0 subunit has been proposed to be important for

structural

and

functional

maturation

of

the

a

subunit,

non-complete glycosylated 0 subunit play a central

degradation of functional pump protein.

es in

sodium pump activity

this

in the

The nature of the chang

in erythroblasts

system to study the interactions of both a

4

role

the

provides a good

and £ isoforms.

This

dissertation research attempts to understand the transition of

the Na-K pump during maturation of erythroblastic cells by study

ing

changes in the type and the relative abundance of the iso

forms of the a and the 0 subunits of the Na,K-ATPase.

5

OBJECTIVES

It is hypothesized that changes in the Na-K pump activity in
erythroblastic cells during maturation are due to changes in the

type

and

relative

abundance

of

the

subunit

isoforms

of

the

Na,K-ATPase, resulting from changes in the synthesis and turnover
of the various subunit proteins.

Therefore,

the objectives of

of

immunocytochemical

this dissertation are to:

(1)

develop

and

test

validity

the

techniques using ultrathin cryosections of bone marrow cells and
specific antibodies against isoforms of the a and 0 subunits of

the Na,K-ATPase.

(2)
0)

determine the distribution of individual subunits (a and

of the Na,K-ATPase in rat's erythroblasts,

reticulocytes and

mature red blood cells.
(3)

assess the relative abundance of the different isoforms

of a and 0 subunits of the Na,K-ATPase of erythroblastic cells at
three different stages of maturation.

(4)

study the co-localization of the a0 complexes in differ

ent stages of erythroblastic cells during maturation.

(5)

quantitate tht amount of the a0 complexes in different

stages of erythroblastic cells during maturation.
(6)

establish the association between a isoforms and 0 iso

forms in erythroblastic cells during maturation.

6

To achieve these objectives, six specific series of experi

ments were carried out.
Compare bone marrow cells

(1)

tional

sections,

plastic

since

in cryosections and conven

cryosections

will

be

used

for

immunolabeling.

Ascertain the specificity of the antisera used.

(2)

(3)

Study changes in the relative abundance of isoforms of

the a and p subunits of the Na, K-ATPase in erythroblastic cells
during maturation using single labeling technique.

(4)

Study the labeling efficiency of 10 nm and 5 nm pro-

tein-A-gold particles as a preliminary to perform double labeling
experiments.
(5)

roblastic

Study changes of ap complexes of the Na,K-ATPase in eryth
cells

during

maturation

using

5

nm

and

lOnm

pro-

tein-A-gold particles to label the a and p subunits.

(6)

Study

isoforms of the a and P subunits of the sodium

pump in granulocytes as a comparison to the changes observed in
erythroblastic cells.

7

LITERATURE REVIEW

I. Na,K-A TPase — A Member of the P-type A TPases

The

membrane of

plasma

animal

an

serves as

cell

a

semi-

permeable barrier that allows the cell to maintain a cytoplasmic

composition far different from the composition of the extracellu
lar fluid.
systems,

transport

Therefore,

including
solutes

the cell has to have numerous transport

active

across

and

the

facilitated,

plasma

function

that

membrane

membranes that surround intracellular organelles.
these

transport

systems

is

the

ion-transporting

the

across

and

to

One class of
ATPases

that

couple the hydrolysis of ATP to active transport of ions across

membranes.

The ion-transporting ATPases are divided into three

categories : V-type, F-type and P-type ATPases.

es are present

in lysosomes,

storage granules.

endosomes,

secretory vesicles and

The F-type ATPases, also known as FqFj ATPase,

exist in the mitochondrial inner membrane.

which

are

so

named

because

as

gastric H,K-ATPase.

bidirectional

pumps,

across the cell membrane.

their

The P-type ATPases,

transport

cycle

include the Na,K-ATPase,

phosphorylated intermediate,

and

The V-type ATPas

These three types
transporting

ions

involves

a

Ca-ATPase

of ATPases function

in

both

directions

The Na,K-ATPase exchanges 2 K* for 3

Na* (Sen and Post, 1964 ; Garrahan and Glynn, 1967), while the CaATPase counter transports H*

(or H30) with a stoichiometry of 2

8

or 3 exchanged for 2 Ca++ (Levy et al. 1990 ; Yu et al. 1993) .

It has been suggested that all

ATPase because

their transport

conformation states (for reviews,

(Shull and Greeb, 1988).

the

involves two distinct

see Kyte,

1981). They all are
similar

The highest degree of homology is found

Na,K-ATPase,

and H,K-ATPase.

(SERCA)

cycle

Their molecular structures are

inhibited by vanadate.

between

P-type

These enzymes are frequently called E^-

share a common ancestor.

E2

the enzymes of the

Ca-ATPase

in

sarcoplasmic

reticulum

The hydropathy plots of both the Na, K-

ATPase and the sarcoplasmic reticulum Ca-ATPase have about eight

to

ten

putative

segments

transmembrane

indicating

overall

the

shape of the proteins are similar (Shull et al. 1985).

Moreover,

there is growing evidence which shows that these ion transporters

can be regarded as channels that open and close only at one end
at a time.

diffuse

Ions may cross through an electrical

field as

they

into and bind within the transporter pore, thus generat

ing electrical

current

(Kyte,

1981;

Anderson and Vilsen,

1995 ;

Hilgemenn, 1994).
The Na,K-ATPase

brane glycoprotein.
function.

is an integral

(or

plasma mem

intrinsic)

This enzyme serves a general house-keeping

It uses the energy of ATP to extrude actively sodium

ions out of and move

potassium ions into the cell,

resulting in

high intracellular potassium and low sodium concentration.

regulation of the intracellular concentration of ions,

regulates the cellular volume.

Without this enzyme,

swell,

will accumulate sodium chloride,

9

and die.

The

in turn,

most cells

The transport

of ions by this enzyme is also electrogenic, resulting in a high
resting membrane potential in excitable tissues,

such as muscles

and nerves, setting the stage for the generation of action poten

tials.
ATPase

In addition,

is

used

as

the sodium gradient produced by the Na,K-

an

energy

source

for

the

secondary

active

transport of nutrients such as glucose and amino acid, of metabo

lites such as citrate or

succinate,

calcium, phosphate, or chloride.

and of

ions

like protons,

It also provides energy for the

secretion of organic acids like PAH and penicillin, the secretion
of the diuretics furosemide and bumethanide, and for the concen

tration and dilution of urine (for reviews, see Jorgensen,

1986).

Early Studies of the Relationship between the Na,K-ATPase and the Sodium Pump

The Na,K-ATPase and sodium pump are now interchangeable . The
possible role of the Na"*" and K+ activated ATPase in the active
transport of Na+ and K+ was first pointed out by Skou

in 1957.

He showed that the activation of the ATPase in the crab nerve by

and K+ is very similar to that of the sodium pump

Na"1"

1957 ;

(Skou,

It is now well established that the Na-K active

1960) .

transport is indeed carried

out by the enzyme, the Na,K-ATPase.

Earlier studies have provided evidence to show that this enzyme
is

the same as the pump protein

For example:

(1)

(Robinson,

1995 ;

Skou,

1995).

Both the pump and the Na, K-ATPase require Na+

and K* for activation.

(2)

Both are inhibited by members of a

class of drugs, the cardiac glycosides (e.g., ouabain, digoxin or

digitoxin) ,

that are elaborated as poisons by a
10

few plants and

concentrations

animals.

(3)

inhibition

in both cases are the

perform their

The

of

ouabain

(4)

same.

half-maximal

for

They need ATP to

function and the concentration of ATP

for half

maximal activation of the pump and the Na,K-ATPase are the same.

(5) They are found in membranes.
Furthermore,

ATPase which

is

phosphorylated

a

formed

in the

intermediate

of

sodium and

presence of

Na, K-

the

rapidly

dephosphorylated with potassium has been shown to exist in renal

tubular fragments which contain active sodium pump.
quently

known

reactions

participate

the Na,K-ATPase can

that

involving

phosphorylation

It is subse

and

in

several

dephosphorylation

in

association with binding and translocation of Na+ and K+ across
cell membrane

(Hokin,

1974 ;

Post et al.,

1974 ;

Epstein,

1975).

There is no doubt that the Na,K-ATPase is the sodium pump.

Structure of the Na,K-ATPase

The

Na, K-ATPase

is

composed

of

a

and

the

0

subunits.

Recently, a third so-called gamma subunit of unknown function has
been identified to be part of the Na, K-ATPase (Collins and Les-

zyk,

1987 ;

Harris

subunits are,

and

however,

Stahl,

1988) .

The

commonly

the a and 0 subunits,

and

recognized

the minimal

functional enzyme unit is a heterodimer (a0)2 (Kyte, 1981).

a subunit
The molecular weight of the a subunit is about 112 kDa.

The

hydropathy profiles show it has about eight to ten transmembrane
11

The a subunit is the catalytic and is the functional

domains.

which

subunit

carries all presently known functional properties

of the enzyme.
K+,

and

bind

transport Na+ and

It is able to hydrolyze ATP,
to

cardiac

glycosides.

primary

The

amino

acid

sequences of the a subunit have been deduced from cDNAs isolated
from

several

species,

Xenopus laevis, etc.
Horisberger

1990;

isoforms

which

et

have

Their expression,

e.g.,

human

beings,

pig,

(for reviews, see Sweadner,
al.

been

1991).

are

There

sequenced :

kinetic properties,

al,

1989; Takeyasu,

at

a2

ouabain

chicken,

rat,

and

a

least

three

al

isozymes.

affinity,

cation

affinity and regulation have been studied (see below).

fl subunit
Another major component of the Na,K-ATPase is the fl subunit

which is a glycoprotein with a molecular weight about 55 kDa (35
kDa of peptide).

brane domain.
fl

subunit.

Its putative structure has only one transmem

Much less is known about the exact function of the
It

has

been

proposed

that

the fl

subunit

imparts

structural stability to the enzyme and is needed for the

tional maturation of the a subunit
al., 1987 ;

(McDonough,

only

1990; Noguchi et

Akermann and Geering, 1990).

The fl subunit has three isoforms: fll,
and fl2

func

fl2 and fll.

Both fll

isozymes were found in mammalian cells but fll was found

in Xenopus laevis embryos.

and development-specific .

lian tissues,

Their expressions are tissue-

The fll

isoform exists in most mamma

including kidney, brain and adrenal gland.
12

The fl2

subunit has been described
gland and brain.

in bladder,

spleen,

retina,

pineal

In the rat, no 01 or 02 was detected in the 5-

day-old pineal gland, but a high level of 02 was present in adult

glands

1990).

(Shyjan et al.

It also has been reported that 02

subunit is the same as the adhesion molecule on glial cell (Gloor
et al., 1990).
Interestingly, the studies based on gene transfection show

that the

avian 0 subunit DNA can be expressed in mouse.

transfected avian 0 subunit can associate with the mouse

unit and

form a high

The
a sub

level of interspecies hybrid avian-murine

sodium pumps (Takeyasu, 1987).

Localization of the Subunit Genes on Chromosome

The sequences of the isozymes from cDNA clones indicate that
they

are

derived

splicing (Lytton,

from

different

genes,

not

from

1985). The genes for the subunits of the Na,K-

ATPase are not all located on the same chromosome.

(1987)

have localized

forms and the 01

alternative

Kent et al.

genes encoding the three distinct a iso

isoform of the Na, K-ATPase in the mouse.

In

their paper, the al gene (Atpa-1) is assigned to mouse chromosome
3, the a2 subunit (or alii) gene (Atpa-2) to chromosome 7, the a3

(or a"*") gene (Apta-3) and the 0 subunit gene (Atpb) to chromosome
1.

Over the years the terminology used for the a isoforms under

gone a few changes. Sweadner (1989) discussed

this terminologi

cal problem in one of her reviews on the Na,K-ATPase, and noted

that the names given to two of the Na,K-ATPase genes

13

in

their

paper do not correspond to the terminology used nowadays: Atpa-3
In other words, the al subunit gene mapped

is a2, Atpa-2 is a3.

to chromosome 3, the a2 and 0 subunit genes to chromosome 1 and

subunit gene to chromosome

the a3

7.

and 0 genes

The a2

on

chromosome 1 were not particularly closely linked.

Isoforms of a Subunit

The classification of the isoforms of the a subunit into
al, a2, and a3 was based on the electrophoretic mobility of the

corresponding polypetides and their sensitivity to cardiac gly
see Sweadner,

cosides

(for reviews,

1994).

Since it was found that the ouabain sensitivity is spe

cies-specific,

1989;

Vasilets and Schwarz,

recently, the identification of isoforms is based

on the number of amino acids and on the comparison of total amino
acid sequence and of the N-terminus.

Nomenclature of a isoforms

(1979)

Sweadner
isozymes

of

the

described

first

that

there

which can be purified

Na,K-ATPase,

from rat renal medulla and brain stem axolemma,

spectively.
difference

are

two

separately

a and a( + )

re

This a(+) was distinguished from the a isoform by a

in

electrophoretic

slower mobility and a with

mobility

on

faster mobility.

SDS

gel:

a(+)

The a( + )

with

is also

different from a in its higher affinities for ouabain (Kjy2= 1°~4
M for a; 10“7 M for a(+)) and ATP (Sweadner, 1985), lower affini

ty

for

Na"*"

(Lytton

1985) ,

greater

14

sensitivity

to

sulfhydryl

(Sweadner,

agents

reducing

and

strophanthidin

1979) .

(Sweadner,

chemically

higher

from rat kidney

trypsin

to

by

digestion

proteins also can be immuno-

using

by

inactivation

specific

resistance

The a and a( + )

distinguished

(Sweadner,1985).

1979),

isoform-specific

antisera

The amino acid sequences of catalytic subunits

(a)

and rat brain axolemma

(a ( + ) )

indicate they

are the products of different genes or at least different exons

of the same, differentially spliced, gene (Lytton, 1985).

It has

been suggested that the ot3 protein has structures similar to both
the al and a2 proteins and appears to possess mobility similar to

that

of

a(+).

Schneider et al.

By

transcription

cell-free

and

translation,

(1988) have demonstrated that the a3 mRNA gener

ates a stable protein

that can associate with microsomal

mem

branes and possesses a ( + )-like sodium dodecyl sulfate gel mobili

ty.

This a3 protein can also be immunoprecipitated by an a ( + ) -

specific antiserum.

a3,

or both

(Sweadner,

However, the a(+) comprises either a2, or
1989).

An a subunit nomenclature adopted

from studies of rat a subunit isoforms by Shull et al. is gaining
widespread use: al is the major kidney a isoform, all

is a major a isoform in brain and skeletal muscle,

expressed predominantly in the CNS (Fambrough,

(or a ( + ) )

and all I

is

1988).

al, a2 and a3 polypeptides

The studies on the N-terminal sequences of the kidney a

axolemma

a (+)

indicate

that

sequence of the kidney a

among

chain

mammals,

the

is essentially

15

and

amino terminal
invariant.

The

sequence of amino acids in N-terminus

in

one

between

tissue

several

is more highly conserved

species

than

between

different

tissues in the same species (Takeyasu et al. 1988 ; 1990 ; Lytton,
1985). al with 1021-1023 amino acids is the largest polypeptide
It was the first iso

with N-terminus of Met-Gly-Lys-Gly-Val-.

zyme to be sequenced.

of

terminus

a2

Met-Arg-Ala-Gly-Arg-,

Lys-Lys- (for reviews,
1994).

In addition,

genic determinants

Sweadner,

1017-1020 amino
and

see Sweadner,

al,

a3

with

acids has N-

1010-1013

amino

containing N-terminus of Met-Gly-Asp-

is the third form

acids

with

1989 ; Vasilets and Schwarz,

a2 and a3 isoforms have distinct anti

(Sweadner and Gilkeson,

1985;

Felsenfeld and

The comparison of the deduced amino acid se

1988) .

quence of the a subunit isoforms revealed that the polypeptides
are highly conserved and share >85% amino acid sequence homology
(Shull et al.,

Complete identity is observed at 825 of

1986) .

1013 positions in the amino acid sequence for all three isoforms.

Electrophoretic mobility
Urayama et al,

migrated with tissue a,
a(+)

(Urayama et al.

(1989) reported that the synthetic al co

while a2 and a3 co-migrated with tissue

1989).

Ironically, these mobilities are

the opposite of what one might predict from

the true molecular

weights of the polypeptides determined from their cDNA sequences,

since a3 is actually the smallest and al the largest.
isoforms
weights.

migrated
This

in

SDS

faster

than

their

true

All three

molecular

is thought to be due to the binding of excess
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detergents to hydrophobic regions.

The interaction of protein

and detergent appears to determine the

electrophoretic mobility

of the polypeptides (Urayama et al. 1989).

Expression of a isoforms
The expression of the three a

and dependent on developmental
1987 ; Orlowski and Lingrel,

isoforms

is tissue-specific

stages of the animals

(Emanuel,

1988). The analyses of the distribu

tion of the Na, K-ATPase mRNA in adult and fetal rat tissues by
RNA blot and hybridization histochemistry indicate that al mRNA

was found ubiquitously among various tissues.
of

al

mRNA

kidney,

observed

were

gastrointestinal

while a2

mRNA

was

(Schneider et al.,
tic

isoform

in

in

transport

tract,

found

in

especially

epithelia,

nasotracheal

and

adult

The highest levels

muscle

and

epithelium,

neural

tissues

1988). The al mRNA is the predominant cataly

fetal

muscle,

however,

the

a2

mRNA

abundance

increases 89- fold during the first 35 days of life (Orlowski and

Lingrel,

1988) .

It has been reported that adult rat kidney poly

(A)+ RNA and adipose,

stomach and

lung total RNAs contain

levels of a2 mRNA (Young and Lingrel,

1987) .

low

The a3 isoform is

expressed predominantly by neural cells (Schneider et al., 1988).

The a3 transcripts was also detected in rat pineal gland, muscle
and

fetal

heart

Schneider et al.

(Shyjan
1988) .

et

al.

1990;

Emanuel

et

al.

1987 ;

Both al and a2 mRNA were less abundant

in fetal brain than in adult brain ; in contrast, the a3 mRNA was

equally abundant in both fetal and adult brains.
17

Studies on the

developmental regulation of these isoforms expressed as proteins
in rat brain show that all three isozymes increased in abundance
during development

from the

fetus to the adult.

18-day

Small

changes were seen in the relative level of expression of the al

and

a3

isoforms

expression

of

at

the

different
a2

isoform

developmental
increased

neonate and adult (Urayama et al.,

while

the

between

the

stages,

markedly

Shyjan et al.

1989).

(1990)

reported that there are similar levels of the al and a3 subunits

in 5-day-old pineal glands.

isoform and

High levels of the a3

low levels of the al isoform were detected in adult glands. The

a2 isoform is undetectable at either developmental stage (Shyjan
et al.

1990).

The differences in tissue distribution and devel

opmental regulation of the three a subunit isoforms suggest that

the enzyme encoded by each gene may have properties selected in
response to different physiological demands.

Ouabain affinity
The Na,K-ATPase is a unique receptor
cosides

and

the

affinity to ouabain

different species.

for the cardiac gly

binding

is

different

in

Rodent cells are commonly resistant to oua

bain concentration up to at least 100 gM, while avian and primate

cells show high-affinity

for ouabain binding

Kd="10#iM respectively).

This variation

(Kd=*

in ouabain sensitivity

has been ascribed to species-specific differences

ture of the Na,K-ATPase.

0.26/iM and

in the struc

The results of gene transfection have

shown that the ouabain binding site is an exclusive feature of
18

a subunit of the enzyme (Takeyasu et al.,

the

al.

1988).

1987 ; Emanuel et
in a

A ouabain-resistant Na,K-ATPase was expressed

highly ouabain-sensitive cell line (CV-1) by transfection with a
cDNA encoding the rat's Na,K-ATPase al subunit

1988).

(Emanuel et al.,

When transfected with the avian & subunit DNA, the mouse

cells maintain their ouabain-resistant transport system.
results

strong

provide

obvious involvement

that

evidence

(Takeyasu et al,

the

subunit

p

These

shows

no

The differences of

1978).

ouabain affinity also show in different isoforms of the a subunit
For example,

in the same species.

in the rat, the Kd values of

isoforms for ouabain range from

different

and "30

*0.1 pM for a2

mM

"

0.1 mM

for al to

for a3. In cells or tissues which have

two types of the Na,K-ATPase molecules such as rat adipocytes,
pineal glands,
different

with

there are two population of enzymes

brain cells,

kinetic

characteristics

1979).

The presence of two different sites for

1990; Sweadner,

(Lytton,

1985;

Shyjan,

ouabain has also been detected in cultures of fetal mouse brain

cells,

and

changes

(Marks and seeds,

single K%

1976).

for ouabain

two Kj values (50

a( + )

are

isoforms,

mM

seen

the

as

cultures

mature

The Na,K-ATPase of young cultures has a

(50mM),

and 0.2

while that of older cultures has

In adipocytes expressing a and

mM).

the calcium content of the cell

may also play a

role on the regulation of the sensitivity to ouabain.
been

found

that

the

to

sensitivity

ouabain

creased by extracting the Na, K-ATPase

(Leiievre

et

al.

1985) .

vitro

in

Cells

with
19

inhibition

It has
is

in the presence of

high

calcium have

in

EDTA

a

low

affinity

for

ouabain

affinity for ouabain.

and

cells

with

low

calcium

have

a

high

the inherent sensitivity

In other words,

of the Na,K-ATPase to ouabain may reside with the type of cataly

tic subunit and calcium might control the relative activity of
each type of the a subunit in the same cell (Yingst, 1988).

Chimeric a subunits and site-directed mutants have been used

to demonstrate that ouabain affinity can be controlled by a few
amino

acids

in

an

extracellular

region

transmembrane segments (Lingrel et al.

Recently,

it has been found that

between

the

first

1990; Repke et al.

two

1995).

the structure of natriuretic

hormone is similar to that of ouabain and the adrenal gland is
probably the site of its production
et al.

1991).

(Hamlyn et al.

The concentration of ouabain or

glycoside in human blood ranges from below 1

individuals to as high as 10

mM

mM

1991;

Ludens

a very similar
in most normal

or even higher in some patients

which exhibit inhibition sensitive forms of the Na,K-ATPase
reviews, see Ruegg, 1992).

(for

Since the isoforms expression is in a

tissue-specific and developmental regulation, it is possible that

the variation in the sensitivity to ouabain in different a iso
forms may be responsible for the physiological pump regulation by

the endogenous ouabain.

Cation affinity

It is known the cation binding sites for Na+ and K+ of the
Na,K-ATPase are located in the a subunit.

The binding sites for

Na+ are facing cytoplasm, while for K+ facing extracellular fluid
20

so that these two cations can,

through this channel-like enzyme,

move across the plasma membrane

"3 Na+ out

in a

K+

for 2

in"

fashion.

The data on the cation affinity to each a isoforms remain

controversial.

Possibly this is due to the variation in purity

of the isolated isozyme. In addition,

the cation affinity can be

modulated by hormone, extracellular K"1" and the 0 subunit.
Lytton ( 1985) has reported that in the rat's adipocytes the

values for Na+ are :

k1/2

17 mN for al and 52 mM for a ( + ) .

versely the affinity of the axolemma Na,K-ATPase (a(+))

Con

in brain

stem for Na+ is marginally higher than that of the kidney Na, KATPase (a or al)

isozyme

found

in the rat (Sweadner,

in the

rat

pineal

1985).

gland

also

(cerebral)

The a3

exhibits

higher

a

affinity for Na+ than the al (renal) isozyme: K1/Z2 = 11 mN for a3,
k1/2~

20

for

cel.

But

there

is

no

difference

in

the

In

dependent activation of the a3 and al (Shyjan et al. 1990).

The sensitivities of the Na,K-ATPase to Na+ and ouabain has
also been determined in single segments of rabbit nephron isolat
ed by micro dissection. The Na,K-ATPase in the cortical collect

ing tubule (OCT) shows higher ouabain sensitivity than the other
segments of rabbit nephron and its activity can be abolished by

monoclonal antibody,

al.

1993) .

specific for the a3

isoform

(Barlet-Bas et

It has been concluded that the Na,K-ATPase

might be the a3

(cerebral)

in CCT

isoform of catalytic subunit whereas

in other nephron segments might be the al isoform (Doucet,

1992).

The data show in the cortical collecting tubule (CCT), the Na,K21

ATPase was three-fold more sensitive to Na4" (apparent Ko 5' 3 mM)
than in proximal tubule

(CTAL)

(PCT)

(apparent Kg g "lOmM)

All

the

controversies

and cortical thick ascending limb

(Barlet-Bas et at. 1990).
concerning

a

the

isoforms

and

Na4"

affinity could be because more than one isoform is usually ex

pressed in a given tissue.
(1992)

used

site-directed

Interestingly,

mutagenesis

to

Jewell and Lingrel

mutate

cDNA

encoding

each isoform to produce relatively ouabain-resistant rat al,

and a3 isoforms to determine their affinity for Na"1".
ed cDNA was transfected

a2

Each mutat

into and expressed in HeLa cells.

inhibiting the endogenous ouabain-sensitive Na,K-ATPase

By

in HeLa

cells with low concentration of ouabain, the activity contributed

by the relatively ouabain-resistant rat isoforms were analyzed.
The results reveal that all three isoforms are similar in their

apparent affinities for K4" and ATP but are different in their Na4"

requirements.

The apparent affinity

for Na4"

fold lower in molecules containing the a3

is

two- to three

isoform than in those

containing al or a2.
Aside from the difficulty to purify isoforms from a specific
tissue to determine the affinity for cation of the Na,K-ATPase,

there

are

other

factors

that

can

With the stimulation of insulin,
selectively increases

affect

the a(+)

the

cation

affinity.

isoform in adipocytes

its affinity for Na4" but does not change

its affinity for Rb4" or K4"

(Lytton, 1985) .

The Na4" affinity of the Na,K-ATPase along the rabbit nephron

is also modulated by K4" (Barlet-Bas et al. 1990).
22

The increasing

K+ concentration from 5 to >100 mN in media markedly reduces the
affinity of the pump for Na+ in all three nephron segments in
cluding PCT, CTAL, and OCT of rabbit nephron.

there is evidence that the p subunit plays a

Additionally,

role in active cation transport (Lutsenko and Kaplan,
reduction of

results

in

S-S-bridges

in

the 0

subunit

loss of ATPase activity.

of

the

1992).

The

sodium

pump

Such reduction

in ATPase

activity can largely be prevented by the simultaneous presence of

Na or K ions.

Regulation of the Na,K-ATPase

The

regulation

of

variety of parameters.

the

activity

sodium pump

depends

on

a

Changes in pump activity could be due to

the change in the turnover rate per pump or
cell surface pump protein.

the abundance of

There are at least three mechanisms

that can account for the increase in the abundance of a membrane
protein:

(1)

the

increase in the biosynthesis of the proteins,

(2) the decrease in the degradation of existing proteins, or (3)
the recruitment of existing proteins from some previously inac
tive pool, possibly intracellular.

The

regulation of the Na,K-ATPase

includes

short-term and

long-term events. Short-term stimulation of the enzymatic activi

ty of the existing Na,K-ATPase by adenosine
phosphate

(cAMP)

elevation,

mono

and activation of protein kinase C

Long-term regulation,

occurs within minutes to hours.
from hours to days,

3',5'-cyclic

involves an

23

increase

requiring

in the number of the

Na,K-ATPase molecules in the plasma membrane

and is a character 

istic of the stimulation produced by thyroid hormones, and adren
al steroidal hormones, such as aldosterone, and K+ depletion.

Regulation induced by volume change

One of the major functions of the Na,K-ATPase is to regulate
the cell volume through the regulation of
concentration.

The

hypotonic medium,

question

is,

when

intracellular cation

placed

in

hypertonic

does the cell change its pump activity?

or
Ex

periments to answer this type of question have been done with a
dog renal cell lines,

justed

500

to

MOCK,

mosmol/kg

by Bowen,

In a medium ad

(1992).

H2O by adding

NaCl

or

sucrose,

cells

increase the pump activity and the abundance of mRNA of both a
and P subunits.

adjusted

medium

The changes
or

in

in pump activity either in NaCl-

sucrose

adjusted

medium

are

similar.

These results indicate that hypertonic medium stimulates the pump

activity through a long term regulation at the mRNA level.

Vo1tags-dependency of pump activity
The Na,K-ATPase is electrogenic,

implying that the membrane

potential affects the rate constant of the charge translocating

step(s)

of the pump cycle.

The experimental

evidence shows a

voltage-dependence of the pump activity. Although apparent satu
ration of the pump current activity might have many other causes

than intrinsic kinetic properties of the pump, the differences of
I-V

curves

obtained

in

excitable
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tissue

and

epithelial

cells

suggest

the

possibility

that

the

various

Na,K-ATPase

isoforms

have different voltage sensitivities. A steep voltage-dependence
in the physiological

range of membrane potentials

indicates an

appreciable control of the Na,K-ATPase activity by the membrane
potential (for review, see Horisberger et al. 1991).

Tissue-specific and developmental regulation of catalytic a and 0
subunit isoforms

As described above, the expressions of both a and 0 subunits

are tissue- and development-specific.

Many of these results are

based on Northern blot or RNA blot data.

multimeric proteins

It is noted that for

( such as the Na,K-ATPase),

the differences

in mRNA levels are often poor predictors of differences in pro
tein levels (McDonough et al. 1992).

For example, in rat cardio

myocytes, the al and a2 mRNAs are expressed at equivalent levels

while the a2 protein represents only 10-35% of the pumps at the
protein level

(al is 75-90% )

(Hensley et al,

1992).

Another of

the critical and likely rate limiting features of production of

sodium pumps is a0 heterodimer assembly. Since it has been known
that the 0 subunit degrades faster than the a subunit and the a

subunit needs the 0 subunit to form

a mature folding and to exit

the endoplasmic reticulum. The number of a0 complexes is import

ant to account for the abundance of the Na,K-ATPase.
Several lines of evidence indicate that the synthesis of the

a and 0 subunits

is coordinately regulated and that the a and 0

subunits are expressed at approximately equal levels.
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Compara

tive analysis of the stoichiometry to the total a subunit,

con

sisting of various a isoforms, and 0 subunit mRNA levels in most

of tissue in rat reveals that the 0 subunit mRNA levels generally
exceed by 40-75% those for the combined a isoform mRNA population

(Orlowski and Lingrel,

1988) .

The studies

on the synthesis

and translocation of the Na,K-ATPase a and 0 subunits to plasma

membrane
show

in MDCK

cells

(Madin-Darby canine

kidney

also

cells)

that the 0 subunit is synthesized in molar excess over the

a subunit and

unassembled

half of the newly synthesized 0 subunit,

units,

are degraded

by

60

minutes

after

likely

labeling,

while the a subunits are stable through 120 minutes after synthe

(Mircheff et al.

sis

1992) .

subunit is rate-limiting

It has been suggested that

the a

for a0 assembly in the cells where 0

subunits are over expressed (Mircheff et al. 1992).
There are other examples of tissues where a and the 0 sub

units are synthesized discoordinately. This discrepancy has been
seen

in

rat muscle

(Shyjan et al.
expression

subunit

in

(Orlowski

and

Lingrel,

1988) ,

pineal

1990), Xenopus oocytes (Geering et al.

gland

1989). The

of the a subunit is produced in excess over the 0

and are membrane associated but highly trypsin sensitive

Xenopus oocytes

(Geering et al.

subunit-specific mRNA transcribed

1989).

Injection of the 0

in vitro from a 0 cDNA colon

into oocytes results in translation of a glycosylated 0 subunit.

The newly synthesized exogenous 0 subunit polypeptides increase

the trypsin-resistance and the ability of oocyte the a subunits
to

perform

cation-dependent conformational
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changes

(Geering

et

al.

These phenomena suggest that the 0 subunit might be

1989).

rate-limiting for assembly of new sodium pump molecules when the

a subunit is over-produced.

Depletion of extracellular K*

There

potassium

are
in

several

the

studies

showing

extracellular medium

the

that

induces

depletion

of

Na,K-ATPase

the

synthesis. This phenomena have been seen in HeLa cells (Boardman
et al 1974), MDCK cells

(Bowen and McDonough,

and nephron

1987)

segments from hypokalemic rat (McDonough et al. 1994).
Boardman et al.
into

low

[Na*]i,

K*

(1974)

solutions

the

found that when HeLa cells were put
intracellular

sodium

concentration,

initially increased to a high value, and then started to

fall some 8 hrs later as the ouabain-binding increased.

It has

been suggested that HeLa cells have a system for controlling the
level of [Na*]i within the cell which involves pump protein syn
thesis .

An up-regulation of the Na,K-ATPase protein synthesis as a

consequence of growing cells in low K* medium coupled with the
increases

in

[Na*]i

also occurred

in MDCK

cells.

The

[Na*]i

increased up to 132 mmol/cell H^D, after cells were incubated in
0.25 mM K* for 16 hours.
metabolism

involves

This up-regulation of the Na,K-ATPase

changes

in both

the

abundance

of

a

and 0

subunits and in the rate of a and 0 subunit synthesis in response
to K*

depletion

(Bowen and McDonough,

1992).

The same results

were observed in studies on the expression of the Na,K-ATPase a
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and P subunits along the rat nephron.
levels in the MCT

3.4

and

The al

increased

(outer medullary collecting tubule)

11.7-fold,

associated with

respectively,

crease in activity in response to hypokalemia

subunit

and £1

a

in

5-fold

(McDonough et al.

1994) .

Hormonal regulation

The multiple isoforms of the Na,K-ATPase may carry out the

same function but their activity is subject to different hormonal
regulation,
hormones

by factors

insulin

McDonough et al.

1994).

This

1988;
and

1993),

subject

and Klip

recently by Ewart

in detail

thyroid

1985),

1993), glucocorticoids (Wang and Celsi,

(Berron and Verrey,

aldosterone

(Lytton,

1986;

(Schmitte and McDnoough,

Azuma et al.

reviewed

such as

has

(1995)

been

and

is

covered here only briefly.
In rat fat cells which express a and a( + )
Na,K-ATPase,

the a( + )

form is selectively sensitive to stimula

tion by insulin (Lytton, 1985).

for Na+ and only a(+)

isoforms of the

Insulin increases the a subunit

isoforms respond to insulin stimulation.

The effect of thyroid hormone on the abundance of the Na,K-

ATPase has been

intensively investigated.

Most of the results

suggests that thyroid hormone stimulates the pump activity due to

increasing amount of mRNA or pump protein and this up-regulation
of

the

Na,K-ATPase

specific manner

also

(Schmitt

occurs
and

in

a

development-

McDonough,

1988; Azuma et al. 1993).
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1986;

and

McDonogh

tissue
et

al.

The thyroid hormone plays a role in regulating the abundance

isoforms expression of the Na,K-ATPase

and

during development.

thyroid

rats

in

McDonough, 1986) .

brain

both the

ment.

both

rat's

brain

The experiment was done with neonatal eu

comparison with

hypothyroid

rats

(Schmidt

and

It has been observed that in the normal rat's
pump activity

and

the

abundance

of

catalytic

from 18 days gestation to 20 days of

subunits increased 10-fold
age, with a ( + )

in the

increasing more rapidly than a early in develop

Whereas, in 15-day-old hypothyroid rats,

isoforms of a were

similarly decreased.

the abundance of
The

results

in

dicate that the abundance of both a and a+ increase in the brain
during pre-

and neonatal

development and

that the

increase

in

both a subunits is regulated, directly or indirectly, by thyroid
hormones (Schmitt and McDonough, 1986).

The regulation of expression of the Na,K-ATPase isoforms by
T3

in a tissue-specific

fashion has also been seen

kidney and skeletal muscle.

In the rat kidney,

in the

rat

the abundance of

mRNA and protein of the Na,K-ATPase increased after T3 injection

(McDonogh et al.

1988).

In skeletal muscle, there is no change

in the amount of al or 01 mRNA or protein levels

tion

from hypothyroid to hyperthyroid.

in the transi

On contrary, a2 and 02

are up-regulated by T3 either in mRNA or protein levels in skele

tal muscle (Azuma et al. 1993).

Aldosterone

induces early activation and late accumulation

of the Na,K-ATPase at surface of A6 cells
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(Berron and Verrey,

The studies on this renal cell line show that a short

1994) .

aldosterone treatment or an increase in intracellular Na+ leads
to an increase in the rate of ouabain binding that is due to an

in

situ

of cell-surface Na,K-ATPase molecules.

activation

In

contrast, the late increase in the rate of ouabain binding paral

lels an increase in the number of pumps.

The intracellular

events

Intracellular events including changes in the concentrations
of

Na+,

Ca"*"+ concentration or the level of proteins,

e.g.

naktin, calmodulin and protein kinase C, were found to

cal-

have ef

fects on the sodium pump activity.

A rise

in

intracellular

Na+

concentration

regulate the activity of the Na,K-ATPase.
in the examples of K+ depletion medium
is

is able

to

up-

It has been observed

(hypokalemia)

that there

an increase intracellular Na"1" concentration and stimulation

of the pump activity of cells (see above section).

The stimula

tion of pump activity through an increase in [Na+]i is also seen

in acidic amino acid transmitters uptake

tosomes

(Erecinska,

treated

cells

(Smith

and

with

1989).

The

ionophores,

Rozengurt,

more direct
such

1978) ,

by rat braia

as

evidence

monensin,

veratridine

synap-

is

from

gramicidin

(Wolitzky

and

Fambrough,1986) , nystatin (Barlet-Baslet et al. 1990).

In tissue-cultured chick skeletal muscle,

up-regulation of

the Na,K-ATPase can be triggered by veratridine, which opens the

voltage-sensitive sodium channels and thereby allows continuous
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leakage of Na+ into the fibers. The myotubes respond by increas
ing the

number of

sodium pumps

nearly doubling in 24

h.

the

in

sarcolemma,

the

number

The signal perceived by the myotubes

appear to be intracellular Na+; the mechanisms of transduction of
this signal into the response remains largely a mystery.

Down-regulation in skeletal muscle cultures can be affected

simply

closing

by

the

voltage-sensitive

sodium

channels

with

tetrodotoxin. Down-regulation rapidly returns the myotubes to the

basal

level

of

sodium

pump

(t1^2=

expression

3

h) ,

and

the

mechanism for this change is interiorization of the excess sodium
pumps (Wolitzky and Fambrough, 1986).

The activity of Na"*", K-ATPase is markedly stimulated in the
rat cortical collecting tubules (CCT) in vitro by the use of the
This increase in pump activity can not be abolished by

nystatin.

actinomycin D nor cycloheximide, but is markedly decreased in CCT
in

adrenalectomized

animals.

Taken

together,

increasing

the

[Na+]i in CCT cells induces the recruitment of a latent pool of
the Na,K-ATPase units

and the size of this latent pool of enzyme

is under the control of corticosteroids (Barlet-Bas et al, 1990).

The

Na,K-ATPase

activity

is

also

intracellular calcium concentration,

three

intracellular proteins

affected

by

changes

in

There are at least

[Ca++]i.

involved in the regulation of the

Na,K-ATPase during the time when [Ca++]i is transiently elevated

in response to hormones and other stimuli.

calmodulin and protein kinase C.
ed

ATP-ADP

exchange,

inhibits

These are calnaktin,

Calcium blocks the pump-mediat
K*-stimulated
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dephosphorylation,

competes with Na* in the presence or absence of K*.

Calnaktin is a member of a newly described class of Ca++dependent proteins that are closely associated with the plasma

membrane. It increases the sensitivity of the Na,K-ATPase to the

(Yingst et al.

inhibition by calcium in human red cells
The membranes

of human

cells

red

contain

at

least

300

1985).
Mg

of

calnaktin per liter cells, which is in the order of one molecule

of

calnaktin

per

Na,K-ATPase.

effect with calmodulin on the

Calnaktin

also

has

synergistic

inhibition of the Na,K-ATPase of

human red blood cells (Yingst, 1988).

Protein kinase C is normally activated by diacyl

glycerol

which is generated by the hydrolysis of inositol phospholipids in
response

to

hormones

binding

to

specific

intracellular

membrane

receptors

sometimes

has

(Nishizuka,

1986).

stimulatory

and sometimes inhibitory effects (Lynch et al. 1986)

This

enzyme

on the sodium pump activity.

The stimulation of protein kinase C by phorbal, an activator
of protein kinase C,

in oocytes of Xenopus laevis leads to down

regulation of the sodium pump.

The major portion of this inhibi

tion is brought about by reduction in area of surface membrane
with a concomitant internalization of pump molecules (Vasilets et

al. 1990).

Summary
Overall, the activity and the abundance of the Na,K-ATPase
can be regulated by several factors:
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(1)

tissue-specific speci

ficity and

developmental stages,

centration, e.g. K+ depletion,
insulin,

aldosterone,

events, e.g. Na+ and

and

(2)

extracellular cation con

(3) hormonal stimulation, eg. by

hormone,

thyroid

(4)

intracellular

Ca++ concentration changes or intracellular

proteins, calnaktin, calmodulin and protein kinase C,
of the a and 0 subunits,

tion,

may

regulate

the

nature

including the rate of their transcrip

translation and degradation

subunit

(5)

number

of each protein,

of

pumps

e.g.

transported

the 0
to

the

plasma membrane, and (6) turnover the membrane sites (endocytosis

of membrane bound pump protein), which mediates down-regulation.
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II. NaJC~ATPase in Red Blood Cells

Erythrocytes from different kinds of mammals have been used

for ion transport studies.

Their sodium pump activity has been

The interesting aspect of the Na,K-ATPase

intensively measured.

activity in erythrocytes is

that the intracellular potassium and

sodium concentrations are directly related to the enzyme activi

ty,

with the result that high potassium

(LX) red blood cells

(HK)

and low potassium

are found in different species of animals.

HK and LK genetic type

The
widely

intracellular

sodium

and potassium composition

varies

in red blood cells of different mammalian species.

human beings,

other primates,

pigs,

rabbits and horses,

In

the red

blood cells contain high potassium and low sodium concentration

In contrast, the red blood cells of cats, lions, bears and

(HK).

seals contain high sodium and low potassium concentrations
Some

animals,

types.

like

sheep,

cattle

have

both HK and

Dog's red blood cells have been

(LK).

LK genetic

taken as LK type,

but

exceptions are several mongrel dogs discovered recently in Japan
to have HK red blood cells

(Fujise et al.

1991).

It has been

known that the phenotype of HK or LK animal is determined by a

single pair of alleles with complete dominance of the LK gene.
The LK sheep population is a random mixture of homozygotes and

heterozygotes (Evans et al. 1955).
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Sodium pump activity in red blood celle

Both HK and LK sheep red cells control their steady-stated

ionic composition
one-to-one

(Na+

in essentially

with

K+)

i.e.

the same way,

exchange pumps

they have

in parallel

operating

with diffusion pathways for both sodium and potassium ions.

The

ratio of the rate of active transport to passive diffusion for

the ions

(pump/leak ratio),

and the ratio of the passive perme

ability of their membranes to sodium as compared with potassium

(leak for Na+ / leak for K+) are different in both genetic types.
Both ratios are much higher in HK than in LK cells.

Evidence has

also shown that the Na,K-ATPase is not absent from LK cells but
rather operates at about one-fourth the rate observed in HK cells

(Tosteson, 1963) .
An interesting observation is that both genetically HK and
LK lambs have HK cells at the time of birth.

after birth,

genetically HK

whereas genetically

LK

lambs

continue

lambs gradually

Six to eight weeks

to

replace

have

HK

cells,

their HK cells

with LK cells (Blechner et al. I960 ; 1961).

Similar studies have

been done in LK dogs (Miles and Lee, 1972) .

The red blood cells

of the newborn puppies have
the adult red blood cells.

higher potassium/sodium ratio than

During the first few weeks of life,

this ratio gradually decreases until the adult level is reached.
At birth the ratio of

sodium

intracellular potassium to

(the K+/Na+ ratio)

intracellular

is about four times higher than that
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found in the adult.

The rate of active potassium transport and

the ratio of pump to leak are greater in red cells from newborn

puppies

than

in

those

from adult dogs

(Miles

and

Lee,

1972) .

There is no doubt that the HK cells of sheep and dogs have higher

pump activity in response to higher level of leak than LK cells.
In rabbit bone marrow,

both the pump activity and leakage rate

also show a large drop as the erythroblastic cells mature.

decreases are most drastic after denucleation of

the

These

erythro

blastic cells, although the decrease begins prior to denucleation

(Kirk et al. 1984).

Conclusions also have been made that the LK

red cells originate

from HK cells

1982; Kirk et al.

1983)

(Blechner,

1961;

Lee et al.

and the change in the cation composition

of the erythrocytes with age in dog may be due to a change in the

membrane transport properties in addition to a change in the type
of cells produces after birth (Miles

and Lee, 1972).

In the red blood cells of normal mature dogs and cats,
ouabain-sensitive Na-K active transport can be demonstrated.

no
How

these LK cells without any demonstrable pump can regulate their

ionic

composition

question that
that

medium

and maintain their volume

is still

some what puzzling.

is

an

interesting

It has been shown

when the dog’s red blood cells are swollen in hypotonic
or

shrunken

their original

in

hypertonic medium,

volume with time,

regulate (Parker,

197 3 ;

1988).

i.e.

they

they can

can

return

to

somehow volume

It is possible that these cells

possess extremely low levels of the sodium pump activity which is
difficult to measure with

isotopic tracer technique.
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In addi-

tion, dog red cells were shown to have Ca++/Na+ exchange (Parker,

1983).

1979;

these transport processes obviously

All

in

are

volved in the volume regulation mechanism.

Regulation of the eodium pump activity in red cells
Erythrocytes production in adult mammals begin in the bone

marrow:

nucleated

differentiation

erythroid

and

cells

stem

and

maturation,

undergo

eventually

proliferation,

transform

Before the

non-nucleated reticulocytes and mature erythrocytes.

final stages of maturation,

into

the reticulocytes are released from

the bone marrow into the circulation.

The maturation of reticu

locytes is completed within 1-3 days and

the processes of matu

ration involve the remodeling of the plasma membrane,

resulting

in loss of ability to exhibit endocytosis (Gasko et al. 1972).

There are several events during erythropoiesis that could be

related to the sodium pump activity in red cells during erythro
poiesis.

As described in above section (see section on "Regula

tion of the Na,K-ATPase") , all the factors that affect the Na, K-

ATPase activity or abundance could also affect active transport
of Na"*" and K+.

Because the cell undergoes denucleation,

in the abundance of the Na, K-ATPase may be

synthesis level during

changes

related to protein

red blood cell maturation.

In addition,

it has been demonstrated that the red blood cells in LK genetic

sheep contain a regulatory protein,

the Lp antigen.

antibody stimulates the sodium pump activity

in both

An anti-Lp

reticulo

cytes and mature red blood cells in these animals (Dunham et al,
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1976 ; Lauf,
into

red

1978) .

cell

antibody.

When rat kidney sodium pump is incorporated

membrane,

This

molecular entity

it

observation
free to

is

stimulated by

also

indicates

that

Lp

is

inhibit exogenous pumps.

the

anti-Lp

a

distinct

It

is also

observed that following in vitro maturation, the incorporated rat

kidney pumps acquire the distinctive kinetic characteristics of
mature

LK cells,

i.e.

they

sensitive

become

intracellular potassium (Xu, et al. 1992).

to

inhibition

by

It is unclear wheth

er the Lp antigen is the only protein that directs the transition
to LK red blood cells from HK progenitor cells in LK animals.
Interestingly,

Inaba and Maede

(1986)

have

found evidence

based on immunoblots that the membrane of erythrocytes from both
HK and LK genetic types of dog has the same al

Na,K-ATPase as found in kidney.

isoform of the

The proteins of the al isoform

found in the dog’s red blood cells

can be degraded by the retic

ulocyte lysates from both genetic types of dogs,

to an ATP-dependent proteolytic system

presumably due

(Inaba and Maede,

Does this ATP-dependent proteolytic system exist in all

1985).
lysates

of mammalian red blood cells? This is a question that remains to

be answered.
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III. Immunocytochemistry - Method to Study Subunit Isoforms of the NafK-A TPase

Because this dissertation research relies heavily on the

immunocytochemistry technique,
seems appropriate.

a brief review of the technology

The aim of immunocytochemistry is to localize

and cell compartments.

specific antigenic components in tissue

To be studied under a microscope (either light or electron micro
scope) ,

most cells or tissues must undergo a series of chemical

treatments

such

as

washing,

microtomy, and immunolabeling.

fixation,

embedding,

These manipulations can result in

modifications of tissue components.
tissue before fixation,

dehydration,

For example, washing of the

the nature of the fixative solution, the

chemical characteristics of the embedding material and the physi
cal conditions of embedding, can introduce changes in the tissue

components

(Bendayan

et

al.

1987).

Comparative

studies

have

suggested that immunolabeling of conventionally fixed and embed
ded sections is less effective than the frozen sections.

fixed sections show less

labeling than lightly

Heavily

fixed sections.

Frozen sections clearly have much better preservation of antige

nicity of the specimen (Bessly et al. 1982;

Bendayan, 1987; Slot

et al. 1989).

Fixation

It has been known that fixatives used in electron microscopy
can change the three-dimensional conformation of protein.

Ex

periments done with red blood cell membrane proteins show that
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for each protein the residual helical content varied with fixa

tive in the following order: no fixative > glutaraldehyde > OsO4

> glutaraldehyde plus 0s04.

The results also indicate that Os04

following glutaraldehyde treatment induces very marked changes in
the proteins examined (Lenard and Singer, 1968).
An ideal fixative for immunoelectron microscopy is one that

is able to preserve the cellular structure and at the same time,

In

to prevent any loss of the secondary location of antigens.

addition,
antigens

it should not interfere seriously with the ability of
to

background

bind

staining.

Also,

antibodies.

with

However,

most

should

it

antigens

minimize

proteins

are

or

glycoproteins, the molecules which undergo conformational changes
when treated with standard fixatives.

Ironically, fixatives that

improve the preservation of fine structure bring about a decrease

in

immunoreactivity

(Hayat,

1981) .

Thus,

it

is

necessary

strike a balance between satisfactory preservation of the
structure

and

since

immunoreactivity,

In summary,

opposed to each other.

these

(2)

(1)

fine

appear

the optimal fixation condi

tion for a specific antigen generally is a
the following variables:

two goals

to

compromise between

preservation of tissue morphology,

immobilization of the antigen,

(3)

preservation of antigen

immmunoreactivity and (4) adequate penetrability of tissue to the
immunochemical reagents (Berod, et al. 1981).

Glutaraldehyde

Glutaraldehyde

is

a

five-carbon
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dialdehyde

of

relatively

simple

(CHO(CH2)jCHO).

structure

This dialdehyde

is

the most

efficient and reliable fixative for the preservation of biologi

cal

specimens

for

routine

electron

microscopy

1981).

(Hayat,

However, even low concentrations of glutaraldehyde reduce antigen
detectability.

One of the major mechanisms thought to be respon

sible for the fixation properties of glutaraldehyde is the abili
ty of each of its two aldehyde functional groups to form Schiff-

base

linkages

amino groups.

with

free

amino

groups,

thus

cross-linking

two

Each of these cross-links involves the formation

of two carbon-nitrogen double bonds around which free rotation is
extremely limited (Lenard and Singer, 1968).

Formaldehyde
Formaldehyde is relatively less destructive to antigenicity
but is also less efficient in preserving cellular structure.

The

chemical reactions between paraformaldehyde and tissue components

are

complex

and

poorly

studied extensively.

understood,

although

possible

have

been

It has also been suggested that paraformal

dehyde is a better fixative at alkaline pH

The

they

reason

could

be

that

the

(Berod et al.

most

important

1981).

groups

involved in tissue fixation by paraformaldehyde are the e-amino

groups of lysine and N-terminal amino groups with pKs of 10.8 and
9.6, respectively.
7.4,

Since most fixation is carried out at pH 7.2

about 99% of these groups will be

in the protonated NH3 +

form (Berod et al. 1981). Paraformaldehyde is two to three orders

of magnitude more reactive with the unprotonated NH2 than with a
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protonate NHg"*" group

(Kallen and Jencks,

fixation

Thus,

1966).

with paraformaldehyde at high pH can produce a better result.

Osmium tetroxide
Optimal

using

preservation

ultrastructural

osmium tetroxide

in

fixation

the

is

obtained

usually

procedure.

this

But

fixative also produces significant conformational changes result
ing in the inhibition of immunolabeling (Lenard and Singer, 1968;
Bendayan and Zollinger, 1983).

It has been demonstrated in immu

nolabeling for amylase in pancreatic acinar cells that fixation
of the pancreatic tissue with osmium tetroxide alone,

mixture of glutaraldehyde and osmium tetroxide,

metaperiodate

or

strong

other

oxidizing

im

completely

paired labeling with the protein A gold technique.
with

or with a

Pretreatment
such

agents,

as

hydrogen peroxide and periodic acid as well as a combination of
alcoholic

solution

of

hydroxide

sodium

followed

hydrogen

by

peroxide were found to be able to restore the labeling (Bendayan
and Zollinger, 1983) .

Other fixatives
A special

fixative

for

immunoelectron microscopy has

(1974) .

introduced by McLean and Nakane
lysine

and

paraformaldehyde

(PLP).

stabilizes carbohydrate moieties.

It contains periodate,

This

fixative

primarily

The carbohydrates are oxidized

by periodate and cross-linked by lysine.

It has been concluded

that PLP is better than conventional fixatives in that

42

been

it pre

serves ultrastructure as well as glutaraldehyde, and antigenici
ty as well as paraformaldehyde.

Other reagents, such as sodium borohydride and ethyl acetimidate

have been used to

(EAI),

the

increase

immunoreactivity

after or before the glutaraldehyde fixation (Eldred et al.
1983 ;

Willingham

(1983)

evaluated several

pH paraformaldehyde,

Their

paraformaldehyde

Singer,

1979).

best

and

0.2%

achieved

overnight fixation in 4% paraformaldehyde
with

sodium borohydride

much of the

able.

The

with

(pH

glutaraldehyde

subsequent

high

sodium

nervous system and

in studies of central

fixation was

al.

et

Eldred

including picric acid,

fixatives,

and glutaraldehyde with

borohydride treatment
retina.

and

Tokuyasu

1983 ;

1

in

4%

followed

by

hour

7.4)

Treatment

(pH 10.4) .

after glutaraldehyde

fixation

restores

immunoreactivity that would otherwise be undetect
treatment

with

borohydride

sodium

after

fixation increases the

immunoreactivity is due to

accessibility

cytoplasmic

of

some

compartments

aldehyde

increase the

to

antibodies,

apparently through the reduction of the Schiff bases induced by

glutaraldehyde (Willingham, 1983).
Tokuyasu and Singer ( 1976)

of

spectrin

improved when

formaldehyde

in

glutaraldehyde-fixed

red cells were
and

also reported that accessibility

a

mono

first

functional

red

cells

treated
imidate,

(EAI), before a glutaraldehyde fixation.

was

with

remarkably

a mixture

ethyl

of

acetimidate

The EAI treatment is to

block amino groups that would otherwise react to form cross-links

with bi-functional aldehydes,

and thereby reduce the density of
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cross-linking.

Embedding

Many different embedding media have been used for immunoe
microscopy,

lectron

(Luft,

1961),

1964);

glycol
the

Recently,

as

epoxy

(Spurr,

1969)

such

Spurr

methacrylate

(GMA),

resins
or

including

K4M

low temperature embedding media,

K4M are commonly used.

As mentioned above,

812

(Mollenhauer,

Alradite

Lowicryl

Epon

and

LR

White.

GMA and Lowicry

any manipulation of

the tissue during its processing can result in modifications of

tissue components,

It is

leading to problems in cytochemistry.

well known that the processes of dehydration of tissues before

resin infiltration and polymerization of resins either at

(epoxy resins)

or by UV light

further loss of antigenicity.

nolabel ing

(1987).

intensity

have

(GMA or Lowicry K4M)

60°C

lead to the

The effects of embedding on immu

been

evaluated

by

Bendayan

et

al.

Their data show that the effects of embedding on immuno

labeling intensity are different with different tissues and
different proteins.

Frozen sections

with

with gradual freeze substi

tution at low temperature with GMA has a better immunolabeling

result.

The Spurr resin, although displaying very good infiltra

tion and embedding properties,

results in low labeling intensi

ties .

Instead of being infiltrated with resin to form a hard block
for ultramicrotomy,

concentration

cells or tissues

(2.3 M)

are

penetrated with

high

of sucrose as cryoprotectant and quickly
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frozen at -185 °C for cryoultramicrotomy.
introduced

Tokuyasu

a mixture of poly(vinylpyrrolidone)

cryoprotectant.

(1988)

has

and sucrose as

Tissues or cells infused with this mixture can

be frozen-sectioned more easily than those infused with sucrose
alone.

Antibodies

Antibodies belong to a group of proteins known as

globulins (Ig).

The immunoglobulins comprise five major classes:

immunoglbin G (IgG),

IgA,

IgM,

IgD and IgE.

is composed of two identical heavy chains

light

(L) .

chains

divided

into

immuno

The

immunogloublin

the variable domain

Each immunoglobulin
(H)

and two identical

molecule

can

be

further

and constant domain

(V)

(C) .

The H chains differ in antigenic and structural properties and
determine the class and subclass of the molecule.

IgG and IgM

are the most frequently utilized antibodies in immunohistochemis
try.

The molecular weight of IgG is about 150 kD.

If digested by

papain, IgG molecule yields two monovalent heterogeneous antigen
binding fragments (Fab) and two homogeneous crystalline fragments

(Fc).

The variable domain on the light chain, VL,

able domain on the heavy chain,

combining site.

body

molecule

VH,

and the vari

together form the antigen

Within both the VL and VH domains of the anti

are

located

several

hypervariable

(HV)

regions

which, during their reaction with antigens are brought into close
proximity to the antigenic determinant.
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It has been estimated

that the distance between the antigen and the HV region of the
antibody is approximately 0.2 to 0.3 nm.

There are two major types of antibodies routinely used in
research,

biological

polyclonal

monoclonal.

and

antibodies are produced by different cells and,

Polyclonal

in consequence,

are immunochemically dissimilar; they react with various epitopes
on the antigen against which they are raised.

monoclonal

antibodies

are

produced

by

clones

On the contrary,
of

plasma

cells.

Antibodies from a given clone are immunochemically identical and

react with a specific epitope on the antigen against which they

are raised.

The affinity of polyclonal antibodies in antiserum

from hyperimmunized animals may be different for the same deter

minant.

It may present as a more or less continuous spectrum of

low to high

affinity

given antigen.

antibodies against several

epitopes on a

Therefore, after incubation with primary antibod

ies of this type, excessive washing is unlikely to result in any
appreciable

loss

of

staining.

On

the

other

monoclonal

hand,

if affinity is low,

antibodies are of uniform affinity and,

loss

of staining is likely to result due to dissociation of antibody
from the epitope.

However, to say that the greater the specific

ity, the stronger the affinity is probably an oversimplification.

Ionic interactions,

hydrogen bonding,

and van der Waals

forces

are the major contributors to the intrinsic affinity between the

antibody and its antigenic determinant.

to

have

Covalent

a

stabilizing

binding

between

effect

on

antibody
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the

Hydrophobicity appears
formed

and antigen

immune

does

complex.

not

occur.

The higher the affinity of the antibody, the lower the concentra
tion of free antigen needed for available binding sites to become
saturated

(reach

equilibrium)

( for

reviews,

Naish

see

et

al.

1989).

Colloidal Gold and Protein A Gold

Colloidal

gold

is

a

charged hydrophobic

negatively

sol,

formed by electron-dense metallic particles, which, under appro

priate conditions of pH by non covalent electrostatic adsorption.

This interaction

is stable and does

not

affect the

biological

activity of the tagged molecule. Preparation of colloidal gold is
performed by reducing cholroauric acid.

reducing agents

are

The most commonly used

either white phosphorus or sodium citrate

to make various size of the colloidal particles

(

for reviews,

see Bendayan, 1984) .

The use of colloidal gold (Faulk and Taylor,

1971) as mark

ers for immunoelectron microscopy provides, apart from excellent

resolution, the opportunity to quantify the immunoreaction.

The

gold particles are homogeneous in size (homodisperse), when bound

to various proteins

(e.g.

IgG or protein A),

the complexes are

stable for periods and can be easily seen under electron micro

scope because of their high electron density.

Counting of gold

particles is a convenient approach with which to gain quantita
tive information about labeling patterns.

As monodisperse col

loidal gold can be produced in a variety of sizes, gold granules

are also suited for multiple marking experiments
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(for reviews,

see Horisberger and Rosset,

1977 ;

Horisberger,

1979;

Bendayan,

1982; Slot and Geuze, 1985).

The method of using protein-A-gold for electron microscopic
immunocytochemistry has gained

years.

The subject

investigators

popularity

in

recent

has been discussed and reviewed by several
1984; Geuze et al.

(Bendayan,

1989; Tokuyasu,

increasing

1983; Stirling,

1990).

(1980); Slot et al.

Protein-A is a cell wall

protein of most strains of Staphylococcus aureus and consists of

a single polypeptide chain having a molecular weight of 42
(Forsgreen and Sjoquist,

1966).

kDa

Purified staphylococcal protein

combined with colloidal gold retains the property of combining
with the Fc portion
1977) .

of

IgG

immnoglobulins

(Romano

and Romano,

The interaction is a pseudo-immune reaction and does not

interfere with the binding of the antibody to its antigen

sgreen

and

advantages:

Sojoquist,

there

is

1966) .

no

This

covalent

method

bond

has

involved

the

(For

following

between

gold

particles and protein A; there is no need to purify the antibody

to the specific antigen,

the cells may be incubated with whole

antiserum (Romano and Romano,

1977).

It has also been reported (Sjoquist et al. 1972; Mota et al.

1978) that each molecule of protein A has two different sites to
combine with the Fc region of IgG which will allow the combina

tion of one protein A to two IgG and form

(IgG)

(pA)

complex

with molecular weight of 350 kDa; however, the Fc region of each

IgG molecule has only one binding site for protein-A.

The data

from Langone (1978) also are consistent with the reported bival
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ent

binding

[(IgG)2pA]n

and

(IgG)4pA2 have been observed.
A also weakly interacts

the

complexes

of

(IgG)3pA2

and

It needs to be noted that protein

with the Fab regions

of IgG molecules

0(Endresen, 1979).

It has been found that protein-A can interact
immunoglobulin G of almost all mammals, and

IgA and IgM as well
al.

1978) .

(Forsgreen and Sjoquist,

with the

in some species with
1966 ; Goudswaard et

It has been pointed out that protein-A can be em

ployed as a probe for rabbit antibodies, which makes it suitable

for

use

in

combination

with

most

commercial

polyclonals,

because it binds poorly to mouse and rat immunoglobulins it

unsuitable for monoclonals (for reviews, see Stirling, 1990).
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but

is

METHODOLOGY

research,

In this

an

technique

immunogold cytochemical

is

used in conjunction with ultrathin cryosections for isoform spe
cific

staining

antibody

Na,K-ATPase

of

in

erythroblastic

rat

There are several advantages in using immunocytochemistry

cells.

in this research when compared to immunoblotting.

First,

it is

not necessary to purify a large number of bone marrow cells for

electron

observation

microscopic

quantitation.

and

Secondly,

cells do not need to go through the harsh extraction procedures.

distribution

Furthermore,

the

localized.

Different

kinds

of

be

the

enzyme

can

bone

marrow

cells

of

precisely
are

easily

and the quantification of

identified under electron microscope

the immunoreaction is able to be achieved by counting the label
ing with electron dense gold particles.
instead

of

plastic

sections

Antibodies against the al,

a2,

preserve
a3,

Na,K-ATPase are commercial available.
(5

nm and

10

nm)

of

Ultrathin

protein-A-gold

01,

antigenic

more
and 02

for

isoforms of rat

different antibodies

antibodies against al and 01 isoforms)

study

the co-localization of these two subunits
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sites.

Using two different sizes

(e.g.,

the same cell.

cyrosections

it is possible to

(al and 01)

in

I. COLLECTION OF CELLS

Three kinds of rat blood cells of the erythroid series,
nucleated

erythroblasts,

cells, were studied.
the bone marrow,

from

reticulocytes

mature

and

red

blood

Erythroblasts and reticulocytes were from

red blood cells were obtained

whereas mature

the circulating whole blood.

Mature red blood cells

Adult rats were anesthetized with I.P.
pantobarbitol

injection of sodium

(6 mg/100g body weight). Whole blood was obtained

by direct heart puncture using a size 20 needle and withdrawn

into a heparinized syringe (10 units of sodium heparin per 100 ml
of blood).

RC2B)

for

The whole blood was centrifuged at 1,500 rpm (Sorvall

10

minutes.

After

pipetted into another tube and kept
buffy

coat

containing

plasma

was

in ice for later use.

The

the

centrifugation,

white blood

cells was

removed,

remaining red blood cells were washed three times
resuspension in

ice-cold 0.9%

NaCl

and

the

by repeated

and centrifugation.

Mature

blood cells were obtained at the lower part of the centrifuge

tube.

These mature red blood cells were resuspended in plasma

and packed in a microfuge

(Beckman-Microfuge E)

before use.
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for 20 seconds

Bone marrow cells

After the

pantobarbitol,

rat

was

euthanized with

an

overdose

femur and tibia were dissected.

the

of

sodium

Bone marrow

cells were obtained by flushing the bone marrow cavities of these

long bones with an ice-cold solution consisting of equal volumes

of saline (0.155 mN NaCl) and plasma.

pended by repeated pipetting.

Bone chips were allowed to settle

to the bottom of the beaker and

with glass wool.

further removed by

Suspended cells were

polycarbonate tube.
refrigerated

Cells were lightly resus

decanted

Centrifugation was done at

centrifuge

(Sorvall

RC2B)

for

3

filtration

a

50-ml

rpm

in a

into

1,500

minutes.

The

supernatant solution was removed and the cells resuspended in the

rat's own plasma

(1ml),

and pelleted

Microfuge E) for 20 seconds.
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in a microfuge

(Beckman-

IL FIXATION AND EMBEDDING

Cell suspensions from whole blood and from bone marrow were

centrifuged for 20 seconds
The plasma was

in a microfuge as mentioned before.

removed and the packed cells were

fixed

in

2%

paraformaldehyde and 0.2 M ethyl acetimidate in 0.1 M phosphate
buffer for 30 minutes. Then phosphate buffered glutaraldehyde was

added to final concentration 0.25% and the total fixation dura

tion was 2 hours.

The whole process of fixation was carried out

on ice. After fixation, cells were briefly washed twice with 0.1M
phosphate buffer.

A mixture of

2 5%

PVP and

1.6

M

sucrose

was

added and the tube was left in a refrigerator at 4°C overnight,
to allow penetration and equilibration of the sucrose and PVP.
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III. CELL FREEZING

Cells in sucrose and PVP were then packed by centrifugation
in

a

microfuge

solution was

supernatant
pellets

(Beckman-Microfuge

were

quickly

(3-5 mm in length,

removed.

frozen.

amount of the cell pellet

E)

This

for

Small
was

10

minutes

amounts
done

by

of

and
the

cell

depositing

a

on the top of a piece of wooden dowel

1.5-2.0 mm in diameter) and rapidly frozen in

liquid propane which had been precooled to -189°C with
nitrogen.

the

liquid

The frozen cells were stored in cryo-vials in liquid

nitrogen tank for cryosectioning.

IV. CRYOMICROTOMY
Frozen cells were cut at -120 °C using a microtome equipped with a cryochamber

(Reichert Ultracut E41 with FC4D cryochamber). Sections about 70 nm thick were picked
up with a platinum loop containing a drop of concentrated sucrose (2.3M). After thawing at

room temperature, the sections floating on the surface of the drop of sucrose were picked
up on a nickel grid (100 mesh) which had been pre-coated with a formvar film and glow

discharged. The grids were then placed on an agarose plate (face with sections downward)
on ice to allow the excess sucrose to diffuse away. These sections were used for protein-A-

gold immunolabeling.

54

V. ANTIBODIES AND PROTEIN-A-GOLD
Rabbit polyclonal antibodies against al,

a2,

a3,

£1 and 02

isoforms of the rat Na,K-ATPase were purchased from UBI

(Upstate

These antisera were generated from TrpE-a and

Biotechnology) .

TrpE-b subunit fusion proteins (FPal, FPa2, FPa3, FP01 and FP/32) ,

produced by fusing cDNA fragments specific for rat Na,K-ATPase

al, a2, a3, 01 and 02 subunits to the Escherichia coli TrpE gene.
To prepare an antiserum specific for a particular isoform,

anti

serum raised against a particular TrpE-a or -0 isoform was immu

noabsorbed to other subunit fusion proteins.

(For example,

FPal

antiserum was absorbed against nitrocellulose strips containing
The resulting affinity-puri

FPa2 and FPa3 fusion proteins.)

fied antiserum was then tested for isoform specificity on Western
blots of whole extracts of the E. coli expressing the particular

subunit fusion protein

(Shyjan and Levenson,

Monoclonal

1989).

antibody against a3 isoform was a gift from Dr. Kathleen Sweadner

of Massachusetts General Hospital.

X3

is

a

mouse

IgM antibody

The monoclonal antibody Mcb-

raised

ATPase of the rat brain stem axolemma,

for the a3

experiment.

Normal

nm

size

(GIO)

protein-A-gold

(G5)

was

purchased

rabbit

IgG

and

the

was the product of E-Y company.
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rabbit

for
anti

Protein-A-gold of

from Amersham,

tein-A was purchased from Sigma company.

Na, K-

Mcb-X3 was used

chicken IgG were purchased from Sigma company.

10

purified

with a high specificity

isozyme of the enzyme subunit.

immunoblotting

the

against

5nm

size

Free pro-

VI. PROTOCOLS

Immunoblotting

Western blot was used to test the specificity of antibodies
(Sambrook,

1989,

chapter 18) . Extracts of rat bone marrow cells

rich in reticulocytes and rat brain cortex were run in an elec
trophoresis gel,
cellulose

10% SDS polyacrylamide , and blotted to a nitro

filter paper.

nitrocellulose

This

filter paper was

then incubated with the monoclonal antibody against rat brain a3
isozyme

(McB-X3)

and visualized

with

a

chemoluminescent

probe

associated with horse radish peroxidase (Super Signal CLHRP from
Pierce Laboratory) .

Immunolabeling with protein A gold

A general protocol designed for immunolabeling is described
in the following paragraphs.
Sections collected on an agarose plate were washed with PBS

(phosphate buffer

in

saline)

three

sodium borohydrate for 10 minutes.

times

and

treated

1%

A 10% solution of new born

calf serum was used to block nonspecific binding.

ing,

with

After block

sections were incubated with a specific antibody at

4

°C

overnight. PBSG (phosphate buffer saline with gelatin) containing

0.5% BSA (bovine serum albumin) and 1% gelatin in PBS was used as
a diluent for antibody or protein-A-gold. A solution of 0.1% BSA
in PBS was used to wash sections after antibody labeling.

Pro

tein-A-gold labeling was carried out at room temperature for 1
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hour.

If the sections

specific antibody

were subjected to labeling with another

(double

labeling),

0.1% BSA before postfixation.
with

PBS

then

post fixed
After

tetraoxide.

with

they would be

washed

in

In general sections were washed
2%

postfixation,

and

glutaraldehyde
sections

were

0.002% lead citrate and saturated uranyl acetate.

1%

osmium

stained

with

Finally,

1.5%

methyl cellulose was used to cover the section to prevent damage

from surface tension when sections were air dried.

The sections

are finally examined under an electron microscope (JEOL 100CX) in
the TEM mode. The appropriate cells were photographed, developed,

and prints were made with a

final magnification of 2O-3OK

for

further analysis, e.g. gold particle counting, and cell area and

perimeter measurements with the aid of a computer image analysis
system.

Single labeling

Sections were labeled by one antibody and one size (either 5

10 nm)

nm or

of protein-A-gold particles

(Abl-G5

or Abl-G10).

Only one specific isoform of Na,K-ATPase subunit was studied.

Quality of protein-A-gold

To test whether the protein-A-gold particles were binding
to the sites of IgG,

sections were incubated with the specific

antisera, then exposed to purified free protein-A (0.2 mg/ml)
1

hour

and

followed by

protein-A-gold

binding of protein-A-gold occurred,
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complex.

No

for

significant

indicating that the quality

of the protein-A-gold is acceptable.

Specificity of antibodies

Before

these

using

antibodies

for

experiments,

several

protocols were designed to test the specificity of antibodies.

Positive controls:

(1)

Rat kidney medulla and brain cortex were used to test the

quality of the UBI polycolonal antisera against al,
isoforms.

ice

and

a2,

and a3

Tissues were cut into small blocks in normal saline on

fixed

by

the tissue blocks

immersing

described previously

bone

for processing

in

marrow

trathin cryosectioning and immunolabeling.

fixatives as
cells

The al

for ul

isoform is

the predominate isoform of the a subunit in the kidney basolateral side of collecting tubule.

al,

The a3

a2 and a3.

cell.

(2)

Brain tissue has three a isoforms,

is the predominant form in the neuronal

( for review, see Sweadner, 1989)

Negative controls:

Rat kidney microsomes from UBI were used for immunoabosorp
tion of the polyclonal rabbit antiserum against the rat al
form.

iso

Sections of rat bone marrow cells were immunolabeled with

this immunoabsorbed antiserum.
obtained

with

non-absorbed

Results were compared to those

antiserum

against

al

isoform.

In

addition, normal rabbit IgG (without the specific antibodies) was
used

as

another

negative

control.
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In

this

case,

the

protein

concentration of normal rabbit IgG was the same as that of the
polycolonal

antiserum used

bone marrow cells.

the

for

immunogold

labeling of

rat

No significant number of gold particles were

seen in these two groups of controls.

(3)

Irrelevant antibody controls:
The protein concentration of rabbit anti chicken IgG was

the same as that of the polycolonal antisera used for immunola
beling of rat bone marrow cells.

As the negative controls de

scribed above, no significant labeling was found in this control.

Optimum dilution of antisera

Since each antiserum has a different titer,

it is important

to determine the optimal dilution of each antibody for immunogold

labeling.
(signal)

optimal

An

dilution

and low nonspecific

is

one

having

(noise or background)

high

specific

binding.

To

obtain the optimal dilution of each antibody for this research,

a series of dilutions for each antiserum was tested.
cryosections

of

rat

bone

marrow

cells were

incubated

Ultrathin
in

polycolonal antiserum diluted to different concentrations.

each
This

was carried out at 4°C overnight and labeled with 10 nm proteinA-gold particles (1:200) at room temperature for 1 hour.

anti al antiserum: 1:5, 1:25, 1:50, 1:100
anti a2 antiserum: 1:5, 1:25, 1:50, 1:100
anti a3 antiserum: 1:25, 1:50, 1:100, 1:200*
anti 01 antiserum: 1:5, 1:25, 1:50, 1:100
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1:100

anti 02 antiserum: 1:5, 1:25, 1:50,

optimal

The

dilution

ratio of S/N

of

each

antiserum was

determined

(specific binding/nonspecific binding).

dilution was tested for the anti a3

by

the

The 1:200*

isoform because it

labeled

the cells more heavily than the other antisera.

Labeling efficiency of 10 nm and 5nm gold particles

After the optimal dilution of the antiserum was determined,
5 nm protein-A-gold was used to compare the labeling efficiency

with 10 nm gold particles at the same dilution of 1:200 of pro
tein-A-gold particles.
ing efficiency under

This was done to obtain a relative label

a

specific experimental

This

condition.

information is needed to evaluate the double labeling results.

Double labeling

Sections

were

treated

(against a and 0 subunits)

with

were used

particles were
G10) .

to

label

used

to

different

antibodies

and two different sizes (5 nm

nm) of protein-A-gold sequentially.

nm)

two

the
label

The small gold particles (5

first antibody and

the

and 10

the

second antibody

large

gold

(Abl-G5-Ab2-

The second antibody incubation was carried out following

a washing procedure

immediately after the small

protein-A-gold

labeling.

The larger protein-A-gold was applied to the second

antibody.

After the larger protein-A-gold labeling,

ing procedures

the remain

for double labeling were the same as those
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for

The optimal labeling titer of each antibody was

single labeling.
used

and

alternative

labeling were

also

sequences

out

carried

and

staining

antibody

of

for comparison

purposes.

gold
For

example:

Œ1-G5-01-G1O

01-G5-ctl-GlO

Ct2-G5-01-GlO

01-G5-a2-GlO

a 3-G 5-/91-GIO

01-G5-O3-G10

To determine the best labeling procedure of the ap complex,
several protocols have been tested :
(1) Abi (0/N) -G10-Ab2 (0/N) -G5 :

In this protocol, the lOnm protein-A-gold particles (GIO)
were used as the
resulting

complex

using the

5

first labeling probe in order to compare the

(G10G5)

with

pattern

nm gold particles

(G5)

that

as the

obtained

(G5G10)

first probe.

Both

antibodies were incubated overnight.
(2) Abi(O/N)-G5-PA-Ab2(O/N)-GIO :

This
protein

is a standard protocol

A was

used

first antibody IgG.

to

cover

bound

by

unsaturated

Fc

sites

After the small gold particles

bound to the first antibodies,

could be

the

for double labeling.

the

second

Free
of

the

(5nm) were

the unbound Fc sites of the IgG
probe

(10

pseudo labeling of the second antibody

This can be prevented by binding all

nm)

resulting

(amplification

in

the

effect).

the unsaturated Fc sites

with an abundance of free protein-A.

(3) Abi(O/N)-G5-Ab2(O/N)-GIO :
In this

case,

free protein A was not used,
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but

a

higher

concentration of the small

protein-A-gold particles

(1:50)

used to saturate the Fc sites of the first antibody IgG.

was
The

concentration of the large gold was also increased to 1:100 to
increase the labeling efficiency.
(4) Abi(O/N)-G5-PB8G(O/N)-GIO:

This protocol was

used as

a control

for

(3) .

There

are

still some unbound Fc sites of the first antibody which can be

bound by second probe

The specific labeling of the a/9

(GIO) .

complex is obtained by subtracting

the labeling density of

(4)

from labeling density of (3).

(5) Abi(O/N)-G5-Ab2(3hrs)-G10:
The second antibody incubation was processed at room temper
ature for three hours.

Since the small protein-A-gold particles

have less affinity than large gold, the small gold labeling may
come

off

during

the

second

antibody

incubation

or wash.

The

reduction of the second antibody incubation duration may have an
effect on the labeling results. Therefore an incubation time of 3

hours at room temperature instead of overnight at 4°C was tested.
(6) Abi(O/N)-G5-PB8G(3hrs)-GIO :

This protocol was used as a control for (5) .
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VIL QUANTITATIVE EVALUATION

The density of the immunogold labeling of experimental cells

and for

was determined for each isoform of the a and p subunits

control experiments. The length of cross sectional perimeter (L)

and area

(A)

Sigma Scan

of the cell

software.

were measured using a

The

number of gold

computer with

(single

particles

labeling) or the number of G5G10 complexes (double labeling)

the membrane and in the interior of the cell

counted

separately.

Any

particles

appearing

(cytoplasm)
on

on
were

sectional

the

of the cell, or at a distance of not more than one 10 nm

margin

gold particle away from the margin

is considered to be on the

membrane. This decision was based on the estimation of the sizes
of the various proteins involved in the antibody-antigen and pro-

tein-A-gold binding reactions. From the molecular weight of the a
( 120 kDa, 6 ~ 7 nm in diameter) and p (55 kDa, 5.6 nm )

of Na, K-ATPase,
nm) ,

IgG

( 150 kDa,

8nm) ,

and

protein A

subunits

(40 kDa,

5

and if the thickness of lipid bilayer is 4 nm and the IgG

binds to

intracellular site of the pump protein,

the

distance

between gold particle and membrane is about the diameter of IgG
and protein A

away.

("

13 nm)

which is about one 10 nm gold particle

For double labeling, the diameter of whole enzyme is also

around 13 nm, so the distance of the small and large gold about
that distance were taken as the maximal separation of the small

and large gold when labeling the aP complex.
labeling

The densities of

in the cytoplasm and on the membrane were
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calculated

according to the following formula:

Dm = Number of gold on membrane/sectional perimeter

(#/L)
De = Number of gold in cytoplasm/sectional area
(#/A)

S/N ratios

The

ratio

of

specific

binding

to

nonspecific

binding was

determined by the following formula :

S/N = (Dt - Db)/Db
Dt: total density
Db: background density

Dt - Db: specific density
The total density (Dt) is the number of total gold particles

in the cytoplasm and on the membrane

tional area of the cell.

Since the sodium pump is a ubiquitous

protein in mammalian cells,
compartment in

divided by the cross sec

it

is difficult to find a cellular

which there is no sodium pump protein,

as a background control

for labeling.

to serve

As a compromise the in

terior of the nucleus of the erythroblasts was used as the back
ground control,

simply because the cross sectional area of this

part of the cell also has the same thickness as the other cells

in the same section and sodium pump is supposed not to be in it.

The background density then is the number of gold particles
nucleus divided by the cross sectional area of the nucleus.
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in

Optimal dilutioa of antisera

An ideal dilution of an antiserum for immunogold labeling
is one having relatively high level of S/N with a large number of

the specific binding.

is extremely low,

In the case where the nonspecific binding

the S/N number could become very large with

very little specific binding (S)

.

For example: If S = 2, N = 0,

the S/N would become infinite.

Statistics Analysis

Data are given as

error of

the mean)

indicated in parentheses.

Analyses

meaniS.E.

with the number of samples

(standard

were performed with Student's t-test and with the standard analy
sis of variance plus contrast to test for significance of differ
ences between changes in different groups.

ered significantly different when p < 0.05.
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Values were consid

RESULTS

I. BONE MARROW CELLS

There are many different kinds of cells residing in the bone

marrow cavity.

that the right kind of cells

To ensure

were

obtained for immunocytochemistry, the collected bone marrow cells
were processed for traditional electron microscopy as well as for

cryomicrotomy.

For

conventional

plastic

sectioning

the

bone

marrow cells were fixed in a solution of 2% glutaraldehyde and 1%

osmic

acid,

and

embedded

Epon.

in

Ultrathin

stained with uranyl acetate and lead citrate
observed under JOEL 100CX.

sections

(see Methods)

Granulocytes, marcrophages,

were

and

erythro

blasts and reticulocytes are easily identified in these sections

(Fig.lA). A granulocyte is easily recognized by the presence of
condensed secretory granules.

The macrophage is large relative

to the other cells in the bone morrow.

Because of its engulfing

behavior, the macrophage contains many different kinds of parti

cles,

including

denuded

nuclei

from

the

erythroblasts.

erythroblast is an early stage of the erythroid cells.
tains a large,

is ejected,

round,

and lobulated nucleus.

the cell matures

into a reticulocyte.

is actively making proteins.

It con

After the nucleus

ribosomes are seen throughout the reticulocytes,
cell

The

Clusters of

indicating the

The early reticlocyte has an

irregular shape and but not much hemoglobin (low electron density
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under EM)

(Fig.IB).

Mitochondria are observed, but the standard

structure of endoplasmic reticulum is not apparent in this stage.
On the contrary, the late reticulocyte contains more hemoglobin

(high

electron

density

under EM)

and mitocondria

are

not

ob

served .
Traditional electron microscopic techniques give excellent

preservation of ultrastructures of the cells,
antigenic

sites

are damaged.

The

technique

but most of the
of

cryosectioning

preserves more antigenic sites and has been used for light micro
scopic immunohistochemistry for a long time.
cryosectioning

technique

is

that

cell

A problem with

structures

the

poorly

are

preserved due to the formation of ice crystals during cryofixa
Fig.2A shows a freeze-dried cryosection of a non-protected

tion.

frozen specimen of rat bone marrow cells.

Although cells were

rapidly frozen at -185 °C, it is not possible to achieve complete
vitrification of the specimen

kinds

ferent

of

bone

( amorphous ice formation).

marrow cells can be

identified,

but

Dif
the

damage due to ice crystals makes the ultrastructure impossible to
be seen under the electron microscope (Fig.2A).

tron microscopy,

sites

and

For immunoelec

a compromise between preservation of antigenic

ultrastructures

has

to be

sought.

A mild

fixation

using low concentration of glutaraldehyde combined with cryoul

tramicrotomy
factory

of cryoprotected specimen provide relatively satis

results

antigenic sites.

for

the

preservation

of

ultrastructures

and

In Fig.28, cells were fixed in a mixture of 2%

paraformaldehyde and 0.2 M EAI (ethyl acetimidate) for 30 minutes
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and

then

0.25%

glutaraldehyde was

added

for

a

total

fixation

duration of 2 hours at 4 °C. Because of this mild fixation which

makes cell membranes porous, the large molecules, for instances,
sucrose and PVP used as cryoprotectant can easily penetrate into

the cell.

Most of the procedures of immunolabeling are carried

out at room temperature or 4 °C. The cryoprotectant also prevents

cell damage by the freeze-and-thaw cycle. In Fig.28, ice crystals
can hardly be seen.
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II. EXPERIMENTS TO ASCERTAIN THE SPECIFICITY OF ANTISERA

The polyclonal antisera of rabbit anti rat al,
and

02

iso form

of

rat Na, K-ATPase used

in this

a2,

a3,

01

research were

Though it was claimed by the provid

purchased from UBI company.

er the antisera are of high specificity,
this claim can be confirmed.

To test

it is

important that

for the specificity of

these antisera, several types of control experiments were carried

out :

(1) positive controls ;

vant antibody controls,

(2) negative controls and (3)irrele

in addition to the routine procedure of

performing internal controls by omitting the antibody.

Positive Controls

It has been known that

kidney tubules and brain contain

specific a and 0 isoforms of Na,K-ATPase.
specific then it should be able to label

If the antiserum is

the known

isoform of

Na,K-ATPase in the particular tissue.

Rat kidney

The major

isoform of the a subunit of the Na, K-ATPase

kidney is the al isoform (for reviews, see Sweadner,

1989).

in
The

sodium pump proteins are known to be located at the basolateral

side but not at the apical side of the renal tubule. In Fig.3 the

ultrathin cryosections of the apical side of the rat renal tubule
were treated with polyclonal

rabbit antisera against rat al, a2,
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There is no al isoform located

and a3 isoforms of Na,K-ATPase.

around the microvilli or in the cytosol, only a few in mitochon
dria (Fig.3A).

are observed

Very few gold particles labeling the a2 isoform

Some labelings of a3

(Fig.3B).

in any structures

isoforms appear at the basal area of the microvilli. Labeling

of

a3 isoform is relatively high in the inner membrane of the mito

chondria (Fig.3C).

side of

immunoelectron micrographs of the basolateral

The

the rat renal tubule labeled

with the polyclonal antisera of al,

a2, a3 and 01 isoform of Na, K-ATPase

surprisingly,

Not

are shown in Fig. 4.

the al and 01 isoforms appear along the basolater

al membrane but not in cytosol or mitochondria (Fig.4, A and D).
Neither a2 nor a3 isoforms appear in basolateral membrane, but a3

isoforms,

as seen in apical side,

show up in inner membrane of

the mitochondria (Fig.4, B and C).
In

patterns

these

summary,

in

renal

cells :

along the basolateral

these

cells;

mitochondria.

a3

three

antiserum

membrane ;

isoform
These

antisera

a2

appears

results

in

show

against

isoform
the

indicate

different
al
is

inner

that

the

labeling

isoform

not

labels

apparent

membrane

three

of

in
the

antisera

against the a isoforms do not immuno-crossreact with the antigen

ic sites of each other.

Additionally, the al and 01 antisera are

positively immunoreactive at the basolateral sides of the kidney
cells, consistent with what is expected.

70

Rat brain cortex
It is well accepted that the rat brain contains all three a

isozymes,

a2,

al,

(Schneider,

and a3

1988;

et al.

for reviews,

The immunolabeling of ultrathin cryosec

see Sweadner 1989).

tions of rat cortex with polyclonal antisera against al, a2, and
a3

isozyme of Na,K-ATPase are shown

in Fig. 5.

The

al

and a2

isoforms appear associated with the axolemma and possibly with

the myelin sheath

(Fig. 5,

A and B) .

The a3 isoform is seen in

the axon along the cytoskeleton (could be microtubule) around the
hillock area in Fig.SC).

These observations are also consistent

with known data.

Negative Controls

Rabbit normal Iga
For

negative

pre-immune

controls,

rabbit

pre-immunoabsorbed antiserum could be used.
should be decreased or absent.

normal

serum

or

immunoreaction

The

Since the antisera were purchased

from UBI, it was not possible to get the pre-immune rabbit normal

Instead,

serum.

normal control

IgG

was

the normal rabbit IgG

(Fig.6).

adjusted

to

(Sigma)

was used as

a

The protein concentration of the normal
the

same

concentration

against a3 isozyme used for immunolabeling.

as

the

antisera

The ultrathin cryo

sections of bone marrow cells were immunolabeled with the normal

IgG.

Very

little

labeling

is

seen

(Fig.6A) and reticulocytes (Fig.6B).
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in

both

erythroblasts

Preabeorption with Mieroaoaei
In addition,

antiserum of the al

with rat kidney microsomes.

isoform was pre-absorbed

The labeling with this pre-absorbed

antiserum was very low in erythroblasts (picture not shown) or in

reticulocytes (Fig.7A).

Irrelevant Antieerun Control
Using

unrelated antiserum to immunolabel the tissue section

is another way to demonstrate whether the labeling of a specific

antiserum reflects a nonspecific immunoreaction.

The irrelevant

antiserum should not be able to bind with the specific antigenic

sites.

Ultrathin

cryosections of

rat

bone

cells

marrow

were

There is little or no

labeled with rabbit IgG anti chicken IgG.

labeling seen in either the erythroblasts (picture not shown) or
the reticulocytes (Fig.7B).

In conclusion, the polyclonal rabbit anti rat al, a2, a3 and
01

isoforms

of

Na,K-ATPase

antisera

specifically with the Na,K-ATPase
cells because:

(a)

purchased

from

UBI

react

in bone marrow cells and red

the antisera of al and a2 do not react with

the apical side of the renal cells, even though the antiserum of
a3 isoform labels part of the basal area of microvilli;
antisera of al

and 01

show high specific

basolateral membrane of renal cells;

(c)

(b)

the

immunorectivity with

all isoforms of a sub

unit (al, a2 and a3) are present in the brain tissue; and (d) the
normal

rabbit IgG and pre-absorbed antiserum of al
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isoforms or

rabbit IgG anti chicken IgG all show the negative immunoreactivi

ty.
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III.

CHANGES IN ABUNDANCE OF SUBUNIT ISOFORMS OF Na,K-A TPase IN

ERYTHROBLASTIC CELLS DURING MA TURATION

abundance of the

To measure the changes in the type and the

isoforms of a and 0 subunits of Na,K-ATPase during maturation of
the erythroblastic cells, single labeling with one specific anti
body followed by single size protein-A-gold,

i.e.

Abl-pGl,

was

used to label the ultrathin cryosections of bone marrow cells and
packed whole blood which contains mature red blood cells.
clonal rabbit antisera against

forms of Na,K-ATPase
dilution 1:200)

rat al,

antisera

and

10

a2,

a3,

Poly

iso

01 and 02

nm protein-A-gold

(GIO,

Optimal dilution of each antiserum,

were used.

obtained by a series of tests to be discussed in the following

section,

was

used to

label

specific antigenic

sites.

Three

kinds of cells, erythroblasts, reticulocytes and mature red blood
cells,

were studied.

One

surprising finding

in this study

is

that both a and 0 subunits of the Na,K-ATPase are found not only

on the cell membrane,

Therefore,

but also

two categories of

membrane density which

in the cytoplasm of the cells.

labeling densities were measured :

is the number of gold particles on the

membrane divided by the length of the membrane

(perimeter)

and

cytosolic density which is the number of gold particles in the
cytosol divided by the cross-sectional area of the cell.

Optimum Dilution of Antisera

Since the antigen-antibody reaction is concentration depend
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ent, the amount of labeling of specific antigenic sites could be

different

due

to

dilution

the

the

of

antiserum.

labeling could decrease to very low levels,
the

resulting

increases,

antiserum

specific antigenic sites.
labeling could also
decreases,

in

specific

The

if the dilution of

underestimate

a

the

of

Ironically, the amount of nonspecific

increase

the dilution of

as

antiserum

the

resulting in an overestimate of the antigenic sites.

Before the relative abundance of each antigenic site was meas

ured,

serial

dilutions

of

individual

tested

antiserum were

to

determine the optimal dilution of the antiserum to be used.
Tables from 1 to 5 show the effect of dilution of antibody
on protein A gold labeling.
of erythroblast

The labeling density in the nucleus

is used as amount of nonspecific labeling,

cause the nucleus is assumed to have no sodium pumps.

it has been demonstrated that

tion,

cryosections,

in

ultrathin

differential penetration of

be

In addi

non-embedded

immunoreagents causes

considerable differences in labeling efficiency between various
cell structures (Slot et al. 1989).

the

nucleus

is

penetrations

comparable

of

to

immunoreagents

The density of the matrix in

that of the
into

the

so

the

into

the

reticulocyte

nucleus

and

reticulocyte are probably very similar.

To

determine

antiserum,

there

which
are

two

dilution

is

optimal

criteria which

specific binding and a relatively high S
ratio.

In

table

1,

the highest

have

for

a

particular

to

be

met :

(signal)

to N

specific labeling of

high

(noise)
anti

al

isoform in reticulocytes is at a dilution of 1:5, but the highest
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S/N is at a dilution of 1:50.

The S/N in the 1:5 dilution (6.5)

is close to the S/N in the 1:50 dilution (6.6), but the specific
binding with the 1:5 dilution (7.3)

(1.4) with 1:50 dilution.

is much larger than the that

The S/N could become very large

whe:

the noise is close to zero even with very small signal value.

So

a dilution of 1:5 was chosen as the optimal dilution for antiser
um against al isoform .

Using the same determinants, the optimal
is also 1:5 (Table 2).

dilution for antiserum against a2 isoform

For anti a3 isoform,

it is 1:100 (Table 3); for anti 01 isoform,

1:25 (Table 4); and for anti 02 isoform, 1:25 (Table 5).

Changes In the Abundance of al Isofonn

The immunoelectron micrographs in Fig. 8. show changes of al
isoforms during maturation of erythroblastic cells.

The number

of gold particles labeling the al isoform in the reticulocytes is

much

more

that

than

(Fig. 8, A and B) .
markedly

reduced

in

nucleated

the

erythroblastic

cells

In the mature red blood cells,

this number is

(Fig.SC).

changes

A

summary

isoforms density of erythroblastic

of

the

al

cells in the cytosol and on

the membrane during maturation is shown in Fig.9.

of the density in cytoplasm

of

The increase

of the reticulocytes is about twice

that in erythroblasts, but the decrease of this isoform in mature
red blood cells

reticulocytes.

down to about

is very sharp,
On the membrane,

20%

the density of al

creases continuously with maturation of the cell.

on the membrane

in reticulocytes
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is about

70%

of

of that

in

isoform de

The density
that

in the

erythroblasts and
about

20%

indicate that
the

that

of

it

in red blood cells

in

is

reticulocytes.

the

further reduced to
These

observations

the increase in the al isoform in the cytoplasm of

reticulocytes

does

contribute

not

density on the membrane,

to

an

increase

its

in

and the decrease in the density on the

membrane is larger in mature red blood cells than in reticulo
cytes .

Changes in the Abundance of al Isoform

The

amount

is much

cells

of

a2

isoforms

of al

less than that

changes in the density of a2
erythroblastic

cells

cells.

labeled with

Fig. 10.

The

present

in

the

isoforms.

erythroblastic

There are

isoform during maturation of the

immunoelectron

antiserum

against

The labeling density of a2

a2

showing

micrograph

isoforms

is

shown

a

summary of

the

changes

in

isoform is much less than

that of the al isoform (Fig. 8) or a3 isoforms (Fig. 12).

presents

small

of

the

Fig.11

labeling density

in

The labeling density of a2 isoforms

cytosol and on the membrane.

in the cytoplasm of the reticulocytes is about 1.3 times that in

the erythroblasts,

The density in the cytoplasm

of the mature

red blood cells is only about 64% of that in the reticulocytes.
The

changes

in

the

labeling

smaller than those found
cant difference in

that

in

the

density

on the membrane

in the cytoplasm.

are

even

There is no signifi

the labeling density on the membrane between

erythroblasts

and

that

in

the

reticulocytes.

In

mature red blood cells, the a2 density is only 53% of that in the
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reticulocytes.

Cha ages ia the Abundance of a3 Isoforms

The immunoelectron micrographs in Fig.12. show the dramatic
changes in the labeling density of

a3

isoform in the erythro

The increase in a3 isoforms in

blastic cells during maturation.

the reticulocytes is more remarkable than those found with

a2

isoforms.

The decrease of

this

blood cells is also more drastic.

the mature

in

isoform

Fig. 13

density of a3

on cell

in erythroblastic cells during maturation.

isoform in the cytosol

two and a half times

reticulocytes.

The

in reticulocytes is about

that in erythroblasts.

blood cells this number

red

is a summary of the

changes in the labeling of a3 isoform in the cytosol and
the membrane

al or

In the mature red

is reduced to down to 20%

of that

in

The density on the membrane in reticulocytes are

not significantly different from that in erythroblasts,

however

it decreases in mature red blood cells.

Changes ia Abundance of pl and 02 Isoforms

Immunoelectron

micrographs

showing

changes

of

pl

and

p2

isoforms in erythroblastic cells during maturation are shown in

Fig.14.

As with isoforms of the a subunit,

£1 isoform increases

in reticulocytes (Fig.14A) but the density is lower than that for

the al isoform (Fig.SB).

the abundance of
(Fig.14B)

02

There is no significant difference in

isoform in erythroblasts and reticulocytes

and the labeling density
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is slightly lower than that

Fig.15 and Fig.16 summarize the data of the

for the pl isofonn.
changes

in pi

and P2

isoforms

and on the membrane

in cytosol

before and after denucleation.
Overall, most of the known isoforms of Na,K-ATPase increase

in rat reticulocytes and then decrease in mature red cells,
though

the percentage increase is different for each isoform.

Relative Abundance of Isoforms of a and P Subunits

show the summaries of the densities of

Fig. 17 and Fig. 18

all the tested isoforms in the cytosol or on the membrane of the
erythroblasts .

In the cytoplasm of erythroblasts, the density of

a3 isoforms is greater than that of

membrane

the

density

of

al

al or a2 isoform, but on the

isoforms

greatest.

is

isoforms are of about the same amount in the

£1 isoform is more than the p2

pi

and

p2

cytoplasm, but the

isoform on the membrane.

If one

assumes that all the labeling is maximal at the given antiserum

dilution and protein-A-gold concentration,
apparent

densities

of

relative abundance.

the

various

then one can use the

isoforms

to

estimate

their

The relative abundance isoforms of a and p

subunits of Na,K-ATPase in the cytoplasm of erythroblast of rat

is al : a2 : a3 : pi : P2 = 1 : 0.3 : 2.0 : 0.3 : 0.3

while on the membrane,
: 0.7 : 0.5 : 0.3

it is al : a2 : a3 : pi :

(Table 7).

p2

(Table 6),
=

1 : 0.2

These observations suggest that on

the membrane of erythroblasts the major

functional isoforms

of

the a and P subunits of Na,K-ATPase are the al and pi isoforms.

The total amount of the P1 and P2 isoforms is not enough for all
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the a isoforms to form complexes either in the cytoplasm or on

the membrane of erythroblasts.
Fig.

19 and 20 are summaries of the densities of all the

tested isoforms of the subunits of Na,K-ATPase in the cytoplasm

or

on

the

membrane

in

reticulocytes.

content of the a3 isoform is
isoform (Fig.

the

In

cytoplasm,

the

about two and half times that of al

but on the membrane, the abundances of both

19) ,

al and a3 isoforms are about the same

(Fig.

20) .

The relative

abundance of a and 0 isoforms of Na,K-ATPase in the cytoplasm of
reticulocytes of rat is al : a2 : a3 : 01 : 02 = 1 : 0.2 : 2.4 :

0.3 : 0.2 (Table 8), while on the membrane,

01 : 02 —

1 : 0.3

:

1.1 : 0.4

: 0.2

it is al : a2 : a3 :

(Table 9).

These relative

amounts are not very different than those found in the erythro
blasts.

As in the erythroblasts, the total amount of both 01 and

02 isoforms in the reticulocytes is not enough to bind all the a

isoforms to form complexes either in the cytoplasm or on the mem

brane .
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IV. LABELING EFFICIENCY Of 10 nm and 5 nm PROTEIN-A-GOLD

To know whether the relative abundance of the isoforms would
be changed with smaller sized gold particles, protein-A

5 nm size

was used to label the subunit isoforms of Na, K-

(G5)

The labeling was compared with that obtained with 10 nm

ATPase.

protein-A-gold particles
of

bone

marrow

al,

against

cells

a3, pi

(GIO).

labeled

The immunoelectron micrographs
with

rabbit

al

polyclonal

antisera

isoform of Na, K-ATPase and 5 nm protein-A-

gold particles are shown in Fig. 21 and 22.
of

gold of

The labeling density

in both the erythroblast and reticulocyte is greater with

5 nm gold (Fig.21) than with 10 nm gold is used.

are obtained

in the case of a2 and pi when 5 nm gold is used.

The densities of a2 and P1
In the cytoplasm of

with G5

Similar results

remain much less than that of al.

reticulocytes,

the

labeling density

is 2.3 times the labeling with GIO,

density of a3 using G5

of

al

while the labeling

is 3.7 times that using GIO. The ratio of

the density a3 to al is 2.4 with GIO, and 3.3 with G5 (Table 10).
Although not matching perfectly, the data should be consid

ered relatively consistent.

The increase

of the smaller protein-A-gold particles

in labeling efficiency
is due not only to the

fact that the smaller size allows it to be more accessible to the

antigen-antibody complexes but also to the fact that each small
particle contains less protein-A molecules than each large gold

particle.

The more protein-A molecules on one gold particle, the

more Fc binding sites it will bind.
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Besides,

one molecule of

protein-A could binds to two IgG molecules, but each IgG contains

only one Fc site to be bound to protein A.

In other words,

large gold could bind to more than two antigenic sites
This

results

in

a

decrease

in

the

one

(Fig.23).

labeling efficiency

of

the

larger protein-A-gold particles.
The labeling with small gold

increased the

labeling effi

ciency in the ultrathin cyrosections of bone marrow cells but did

not change the relative abundance of isoforms of Na,K-ATPase even
with the changes of ratio.

The relative abundance in reticulo

cytes was still: a3 > al > 01 > a2 > 02.
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V. CHANGES OF ap COMPLEXES OF Na,K-ATPase IN ERYTHROBLASTIC CELLS
DURING MA TURA TION

in rat erythroblastic cells both a and 0 are not

Obviously,

coordinately

synthesized.

The total

number of a

isoforms

in

creases strikingly in cytoplasm in reticulocytes then decreases
drastically

in mature red cells.

In contrast,

there is only a

small difference in the pump a and 0 subunits on the membrane of

the erythroblasts and reticulocytes.

Are these subunits present

singly or are they in

To answer these questions,

complexes?

it is necessary to find a way to double-label the a and 0 sub
units in a single molecule.

Problems Of Using Protein A Gold For Double labeling Immunoelectron Microscopy

Theoretically,

it

should

be

possible

double-label

to

two

different antigenic sites on a single molecule by using two kinds

antibodies to label the two different antigenic sites,
different

sizes

of

protein

different antibodies,

i.e.

A

gold particles

to

using the procedure :

mark

and two
the

two

Abl-pGl-Ab2-pG2

(Ahl = the 1st antibody ; pGl = the 1st protein A gold ; Ab2 = the

2nd antibody ; pG2 = the second protein A gold).

Because protein

A does not specifically bind to a particular antigenic site,

it

can bind to the Fc site and also weakly bind to the Fab sites of
any

IgG of most

animal

antisera.

This creates problem when

protein-A-gold is used in double-labeling
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immunoelectron micros-

copy.

this problem, the procedure of labeling has

To minimize

to be properly adjusted.

antibody against which

For example,

subunit (a or fl) should be used first, and which size gold (small
or large) should be used to label the a and fl subunits? How much
time should be used to label the antigenic site?
have been tested,

labeling protocols

G10-Ab2(0/N)-G5

(2)

including:

Abi(O/N)-G5-pA-Ab2(0/N)-GIO

G5-PBSG(O/N)-GIO VS.
PBSG(3hrs)-GIO

Abi(O/N)-G5-Ab2(0/N)-GIO

Abi(0/N)-G5-Ab2(3hrs)-GIO.

vs.

Many double

(1)

Abi(O/N)-

(3)

Abi(O/N)-

(4)

Abi(0/N)-G5-

(Abi = the first

antibody; Ab2 = the second antibody; G5 = 5 nm protein A gold;

GIO = 10 nm protein A gold;

PBSG = buffer of 1% of gelatin in

PBS; O/N = incubation duration for overnight;
duration for 3 hours).

3hrs = incubation

Antisera used in single labeling and two

sizes of 5 nm (G5) and 10 nm (GIO) protein A gold particles were
used in all tests.

The results of these experiments are present

ed below.

Double Labeling with Large Gold forai Subunit First : Abl(O/N)-G10-Ab2(O/N)-G5

double-labeled

The
blast

first

labeled

with

protein A gold particles,

immunoelectron micrograph
the

antiserum

against

of

al

and

large gold particles

particles.
viously,

10

nm

followed by the antiserum against fll

and 5 nm protein A gold particles is shown in Fig. 24.

the

erythro

formed complexes with the

Most of

small

gold

From the single labeling experiments described pre

one expects the amount of fll subunit to be
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less than

that of al isoform. But it is not in this case. There is an over
abundance of smaller gold particles.

In addition to being co

localized with the larger gold, many individual small gold parti

cles, which may represent single 01 isoforms,

are present. These

observations indicate that there are many small particles which
should not have been

there and

that

some pseudo-complexes

are

formed.

A probable explanation of pseudo-complex formation is given
as follows.

As described before,

protein A molecules not only

bind to the Fc site of IgG but also weakly bind to Fab sites and

each large gold particle contain more protein A molecules than
small gold particle.

This makes it more possible for a

gold particle to bind the Fab sites of the second IgG.

second labeling probe
second IgG,

(G5)

large

When the

binds to this nonspecifically bound

the G5 can co-localize with GIO,

formation of pseudo-complexes

(Fig.25(A)).

resulting

in the

In contrast, each 5

nm protein A particle contains only one or two protein molecules.
The weak binding of the small protein-A-gold to the Fab sites of

the second labeled IgG is easy to be washed off
Therefore,

the

better double

labeling procedure

(Fig.
is

to

25(B)).
use the

small protein A gold particles as the first probe.

Double Labeling with Free Protein A Treatment after The First Gold Probe : Abl(O/N)-G5-

pA(O/N)-Ab2(O/N)-G10

This protocol, using free protein-A after using the G5 probe
to saturate the unbound Fc sites of the first
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labeled

IgG,

is

commonly used for double-labeling for immunoelectron microscopy.

In Fig.26,

sections of bone marrow cells were treated with anti

al isoform antiserum and 5 nm protein-A-gold particles, covered
with free protein-A for 5 minutes. Then the excess free protein-A

was washed off, and the sections were finally incubated in anti

isoform with 10 nm protein-A-gold as marker.

serum against the

This type of labeling yields very few a1^1 complexes in both the
In the label

erythroblast (Fig.26A) and reticulocyte (Fig.26B).

ing of a201 or a301, G5G10 complexes can hardly be seen.
results are rather puzzling.

It seems impossible that the cells

not form any whole enzymes

synthesize both a and 0 subunits and

with them.

These

It is clear that this protocol cannot work for dou

ble-labeling for two antigenic sites sitting side by side.

An

explanation may be found in the fact that the first protein-Agold markers have

saturated all

not

the

Fc site

of the

first

antibody (Fig.27C).

The reason for the usual practice of using free protein-A
after the small gold particle labeling

1st

labeled

IgG

particles (Fig.27A).
because

the

not

is explained

There could be some Fc sites of

in the cartoons shown in Fig.27.

the

(1st probe)

having

been

bound

to

protein-A-gold

The presence of unbound Fc sites could be

concentration

of

protein-A-gold

is

too

dilute

to

saturate all the Fc sites of labeled IgG, or simply because the

protein-A-gold particles have come off during the procedures of
incubation and washing.

These unbound Fc sites may be bound by

the large gold (2nd probe).

In other words,
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the 1st antigenic

sites could be labeled as the 2nd antigenic sites.

The use of free protein A to saturate these unbound Fc sites
does

reduce

the

possibility

of the

1st antigenic

labeled as the second antigenic sites,

sites

to be

but it also reduces the

possibility of the labeling of the second antigenic sites which
sit beside the unbound Fc sites of the first

(B) ) .

Fc

the

When

sites of

first

the

labeled IgG (Fig.27

antibody are completely
it affords

saturated with the small protein-A-gold particles,

the greatest opportunity for the second antibody and their at

tached

larger

gold

to

co-localize

with

the

first

probes

(Fig.27C).

Double Labeling with Small Gold for al as the First Probe : Abl(O/N)-G5-PBSG(O/N)-G10 vs.

Abl(O/N)-G5-Ab2(O/N)-G10, and Effect of Treatment Time of Second Label : Abl(O/N)-G5-

PBSG(3hrs)-G 10 vs. Abl(O/N)-G5-Ab2(3hrs)-G10

Since

it

is very easy to get nonspecific labeling by the

second probe which can bind to the Fc sites of the 1st labeled

IgG when these site are not covered by free protein-A, the strat

egies to solve the problems are:

the 1st labeled IgG and (2)
and washing.

(1) to saturate the Fc sites of

to reduce the duration of incubation

Two sets of protocols are used to test

for the

effectiveness of double-labeling when small gold is used

for a subunit.

:

Ab2(O/N)-G10,

and

G5-Ab2(3hra)-GIO.

first

(1) Abi(O/N)-G5-PB8G(O/N)-GIO vs. Abi(O/N)-G5(2)

Abi(O/N)-G5-PB8G(3hra)-G10 va.

Abi(O/N)-

The only difference between these two sets of
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protocols

is that the

incubation duration of the 2nd antiserum

was reduced to 3 hours in the second set.

The protocol,
used as

a

Abi(0/N)-G5-PBSG(0/N)-GIO,
for the

control

experimental

is designed to be

protocol,

Ab2(0/N)-GIO, while Abi(0/N)-G5-PBSG(3hrs)-GIO

Abi(O/N)-G5-Ab2(3hrs)-GIO.

Abi(O/N)-G5-

is a control for

It is assumed that both experimental

and control groups have the same possibility of producing

non

specific labeling (i.e. when G5 and GIO are found to co-localize
in the control group, the number of these occurrences is consid

ered to be due non-specific binding).

The amount of the specif

ic binding of ag complexes of Na,K-ATPase, then

is taken as the

difference between the amount of the experimental group and the

control group.

To saturate the unbound Fc sites,

a high concentration of

A series of dilutions of G5 (1st

the 1st probe must be applied.

probe) has been tested using the protocol, al(0/N)-G5-PBSG(O/N)-

GIO,

(data not shown).

Sections were treated with the antiserum

labeled with G5 in a serial of

of al isoform overnight at 4 °C,
dilutions of 1:5,

forms

antiserum

1:25,
as

the

1:50,

1: 100.

second

buffer for antiserum, was used;

In place of anti £1

antiserum,

PBSG,

the

iso

dilution

and a dilution of 1:100 of the

G10 protein-A-gold was used as the second probe.

Any G10 parti

cles present in these sections are taken as nonspecific binding
and the complexes of G5G10 as pseudo complexes.

that the smallest amount of al
nonspecific binding)

It was

found

isoform labeled with G10

(i.e.

is when the dilution of the smaller protein
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-A-gold, G5, is 1:50.

Thus in all the experiments to follow, the

As will be

G5 dilution is 1:50 and the GIO dilution is 1:100.
seen later,

this approach seems to yield very good results.

Fig. 28 shows is a comparison of two sets of protocols :

VI.

al(O/M)-G5-PB8G(O/M)-GIO

Abi(O/M)-G5-PB8G(3hre)-GIO V8.

al(O/M)-G5-01(O/M)-GIO,

and

antibody

is used than

overnight
in the

(0/N)

(2)
The

Abi(O/M)-G5-Ab2(3hrs)-GIO.

pseudo complexes in the control (i.e. non-specific bindings)
more in the set when

(1)

are

incubation of the second

set with

incubation.

3-hour

addition, with 3-hour incubation of second antibody

In

the G5G10

complexes are more than those found in the overnight incubation

This indicates that the protocol, Abi(0/N)-G5-PBSG (3hrs)-

group.
GIO

vs.

Abi(0/N)-G5-Ab2(3hrs)-GIO,

labeling.

produces

a

specific

better

A possible explanation for this is that much of the

G5-labeling would come off the Fc sites of the anti al IgG during
prolong incubation or washing. Thus, reducing the incubation time
results in less pseudo complex labeling in the control.

Given

these

results,

the

set

of

protocol :

Abi(O/N)-G5-

PBSG(3hrs)-GIO vs. Abi(O/M)-G5-Ab2(3hrs)-G10, was chosen for the

double-labeling experiments in this dissertation.
Fig.29 and Fig.30 show the immuno electron micrographs of

rat reticulocytes labeled with al, a2 or a3 and each marked with
two different size probes

(5 and 10 nm protein-A-gold) .

These

experiments serve as controls for the double labeling of a and 0
subunits with 5 and 10 nm protein-A-gold.

There are very

pseudo complexes formed in the control for a2 isoform,
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i.e.

few

the

protocol, ct2(0/N)-G5-PBSG(3hrs)-GIO.

A comparison of the number

of pseudo complexes present in each case shows that the relative

abundance of pseudo complexes is: a3 > al > a2.

Changes In the Abundance of a 101 Complexes

The

immunoelectron

micrographs

of

rat

bone

marrow

cells

labeled with antibodies against al and 01 subunits of Na,K-ATPase
according the protocol,
Figs. 31,

32 and 33.

al (0/N) -G5-01 ( 3 hrs) -GIO,

are

shown

in

The controls for this experiment are shown

in Fig.29(A).

The labeling of al01 complexes in rat erythroblast is found
in the cytoplasm, on the membrane, even in the nucleus

(Fig.31).

Many singly labeled al and 01 isoforms are found on the cell mem

brane.
01

It is possible that these singly labeled individual al or

isoforms may represent complexes with different

the other subunit,

i.e.

al with 02,

isoforms of

a2 with 01 or a3 with 01.

These complexes, of course, cannot be visualized with this proto

col.

If this is indeed the case,

then one would expect to see

single G5 and GIO particles in the labeled cells.

On close examination of a number of nucleated erythroblasts,
one can see that there are channel-like connections between the
nucleus and the cytoplasm (Figs.1, 8 and 35).

There is labeling

of the Na,K-ATPase in the nucleus, and this labeling seems to be
in the cytoplasm-like material which has gone
through a nuclear pore.
trude its nucleus,

into the nucleus

When the erythroblast is ready to ex

the retracted cytoplasm can be seen to sepa
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rate clearly from the chromatin in the nucleus and lobulate the

Given this,

nucleus.

it

is not surprising to see cytoplasmic

materials appearing in the nuclei of erythroblasts.

The

changes

in

the

amount of al01

complexes

in

the bone

marrow cells in the cytoplasm and on the membrane are shown in
Fig. 32

and

33.

contrast

In

to

the

isoforms

al

(Fig. 9) ,

the

density of al01 complexes does not increase significantly in the

cytoplasm of the reticulocytes

(Fig.32).

In fact the density on

the cell membrane shows a significant reduction
seen in the erythroblasts

(Fig. 33).

from the level

This is the same as al

in

more

al

Fig.9.

It

appears

that

the

younger

reticulocytes

have

isoforms and al01 complexes than the older reticulocyte.

Fig.34

shows an electron micrograph of a young reticulocyte with dis

tinct mitochondria.

One can see that the increases in the syn

thesis of al and 01 isoforms as well as in the formation of al01

complexes are
The

amount

of

remarkable

a101

just

complexes

after
is

erythroblast

less

in

older

denucleation.

reticulocytes,

obviously due to degradation (Fig.35).

Changes la the Abundance of a201 Complexes

Similar to the results of single labeling experiments with
the a2 isoform (Fig.11) the double labeling experiments show that

a201 complexes barely increase in the cytoplasm of the reticulo

cytes.

Immunoelectron micrographs rat bone marrow cells
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labeled

for

a 201

complexes,

01(3hrs)-GIO,

according

to

are shown in Fig.36.

the

protocol,

«2(O/N)-G5-

immunoelectron

The control

micrograph for this experiment is shown in Fig.29(B).

«201 complexes are also located in

In the erythroblasts,

the

cytoplasm,

on

membrane,

the

.

as

well

as

the

in

retracted

There slightly more «201 com

cytoplasm in the nucleus (Fig.36).

plexes in the cytoplasm of the early reticulocyte than

in that

of the late reticulocyte, but the magnitude of this difference is

not as much as that seen for the «101 complexes

results of these experiments are shown in Fig.38.

quantitative
The amount

The

(Fig. 37).

of non-specific binding of «201 is much

those for or 101

(Fig.32)

lower than

(Fig.40).

and for a301 labeling

As in

the amount of ct201complexes on

the labeling of al01 complexes,

the membrane decreases with age (Fig.39).

Changes In the Abundance of «301 Complexes

Immunoelectron

reticulocyte double
Figs.40,

41,

42

micrographs
labeled

and

of

cr301

for

(control

43

the

rat

erythroblast

immunoelectron

this experiment is shown in Fig.30).

are

complexes

shown

micrograph

and

in
for

Statistically, there are no

significant difference in the densities

of the G5G10 complexes

between the controls and experiments in the cytoplasm of both the

erythroblasts

and

the

reticulocytes

(Fig.44,

45).

This means

that all the G5G10 complexes observed are pseudo complexes due to
co-localization of the G5 and GIO described before, and there is
no

significant

number

of

true

«301
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complexes.

This

finding

suggests

that

isoforms

present

even

though

in the

available to them.

there

are

cytoplasm,

On the

plenty

isoform

no 01

other hand,

individual

of

these

partially completed proteins which cannot

a3

cr3

to be

seems
may be

only

complex with 0

sub

units .
As seen previously in the al01 labeling experiment,

the al

isoforms were more numerous in the young reticulocytes than in

the old reticulocyte

(Fig.34,

35),

the

more

reticulocytes than in the young

a3 isoforms are seen in the old
reticulocytes

but in this experiment,

(Fig.41 and Fig.42).

These results indicate that

surge in the synthesis of al and a3 isoforms occurs at dif

ferent times :

al earlier than a3.

Interestingly,

most of these

a3 isoforms seem to lie along two parallel layers in the cells
(Fig.43).

It

seems very possible that

these

a3

isoforms are

trapped in the endoplasmic reticulum (ER).

Summary of the Results of «0 Complex Labeling

The major isoform of the a subunit which associates with the
01 isoform in the cytoplasm or on the membrane of the erythro

blasts and reticulocytes is the al. The relative abundance is in

the order :

al01 > a201 > a301

(Fig48,

49).

The change

in the

density of the complexes does not mimic that of a isoforms.

It

should be noted that the al01 complexes on the membrane did not
increase

in

the

reticulocytes,

instead

it

decreases

(Fig.49).

This indicates that even though there are al01 complexes in the
cytoplasm of the reticulocytes, they are not contributing to any
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increase in the membrane pump protein.

Relative to a1/91,

density of a301 on the cell membrane is very low,

the

suggesting a

minor role of this complex in the pumping activity of the cell.

What Happens When 0 Subunit is Labeled First with Smaller Gold Particles?

Immunoelectron micrographs of rat reticulocytes labeled with
5 nm gold

second

first and

subunit

for 01

following

10 nm gold for al

01(0/N)-G5-PBSG(3hrs)-GIO

protocol,

the

subunit

vs.01(O/N)-G5-al(3hrs)-GIO, are shown in Fig.46 and Fig.47.

co-localization of G5
using the protocol,
experimental

and GIO

01(0/N)-G5-PBSG(3hrs)-GIO

the

control,

(Fig.46),

and the

01(0/N)-G5-al(3hrs)-GIO.

using the protocol,

set

few both

are very

The

The reason could be because the 0 subunit is a single-pass pro

tein and the

located

at

antigenic

the

(Shyjan, 1989).

end of

sites

C-terminal

of

the

The first labeling with

um and G5 may cause a

antibodies are

of the polyclonal

extracellular

domain

anti 0 subunit antiser

stereo conformational

change or

the 0

subunit peptide may simply flips over to affect on structure of
the a

subunit

so

that

the

second

labeling

of

anti

a

subunit

antiserum and GIO are hard to bind to a subunit antigenic sits.
In contrast the antigenic sites of a subunit is on the intracell
ular

loop

formed

by

hydrophobic domains.

the

four

to

five

putative

transmembrane

Apparently, the first labeling with anti a

subunit antiserum and G5 has less effect on the 0 subunit struc
ture.

In conclusion,

the double labeling protocol in which the 0
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subunit

is

labeled

first

does

not

label

the

a£

satisfactory as when the a subunit is labeled first.

95

complexes

as

VL SUBUNIT ISOFORMS OF SODIUM PUMP IN GRANULOCYTES

During the course of studying changes of the isoforms of
the

a

and

subunits

0

of

Na, K-ATPase

in

erythroblastic

cells

during maturation, the types of isoforms present in granulocytes
were also examined in some cases to allow a comparison with the

findings

in

erythroblastic

cells.

Interestingly,

isoform of the a subunit of Na,K-ATPase,
the 01 subunit

in relatively high level

the

major

which associates with
is the al

isoform.

A

double-labeling immunoelectorn micrograph of a granulocyte from
the bone marrow is shown in Fig.50.

It is seen that here al and

01 are coordinately synthesized and that most al01 are assembled

along the

cytoplasmic membrane,

ER,

The labels,

mitochondria.

however,

or around the membrane

of

are randomly distributed in

the retracted cytoplasm in nucleus.

The density of a201 complexes

(Fig. 51)

is not as large as

that of the a!01 complexes (Fig.50). Fig.51 shows that in the rat

granulocyte

the a2

the 01 isoform.

membrane.

isoform can associate relatively well with

The gold particles clearly line up along the ER

This indicates that the a0 complexes are

assembled on

the ER membrane and provide further support that the a3 isoforms

in reticulocytes are indeed trapped in the ER, giving rise to the
network patterns seen

in Figs.

42

and 43.

Ironically,

the a3

which has been seen to increase tremendously in the reticulocyte
does not show up in the ER of granulocytes. Only

a few are found

in the inner membrane of the mitochondria (Fig.52).
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DISCUSSION

I. TECHNIQUE - IMMUNOCYTOCHEMISTRY

From the beginning it was clear that to study the low number
of copies of Na,K-ATPase in the red blood cells, it would require
maximal retention of the antigenic sites during processing of the

specimen to obtain any decent labeling of the protein.
cryosection

immunogold

for

choice because

staining

seems

to

it provides good preservation of

and the gold labels can be quantified. There

be

Ultrathin

the

obvious

immunogenicity

are several reports

on the use of this type of cryosectioning technique for immunocy
tochemical study,

though none applied specifically to the study

of isoforms of Na,K-ATPase.

Presumably the technique should have

been easy to adopt for the present study.
technique is workable,

get it going.

It turns out that the

but it has taken quite a large effort to

The whole process of fixation, cryoprotection and

freezing and even the handling of final cryosections after thaw
ing (because bone marrow cells do not have much extracellular ma

trix to hold them together), has taken a great effort to achieve
the optimal condition for proper immunolabeling.
The lesson learned from this research is that there is no

single

immunocytochemical protocol

that

can

be

applied

to

all

biological tissues.

Different tissues require different combina

tions

to

of

elements

obtain

satisfactory
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results.

One

just

cannot

modify

simply

a

standard

technique

hope

and

the

that

technique will work.

Fixative

First

solved.

problem

the

of

selection

of

a

fixative

had

to

be

Because of the very sensitive nature of the Na,K-ATPase

to the aldehyde fixative,

several early attempts to label the

enzyme using immunolabeling have produced negative results.

Kyte

(1976a) failed to label Na,K-ATPase in frozen sections of glutar

aldehyde-fixed renal convoluted tubules.
para formaldehyde
used

successfully

(PLP

to

McLean

fixative;

fix

and

preserve

Na,K-ATPase in retinas and kidneys

The periodate-lysine

and

the

1974)

Nakane,

antigenic

(Schneider et al.

was

sites

1991).

of

In

this dissertation, several fixatives have been tried to preserve
the antigenic sites of the Na,K-ATPase and the ultra structure in

bone marrow cells and red cells (part of data not shown).

Since

the epitopes for the isoform-specific antibodies of Na,K-ATPase
are

sensitive

to

glutaraldehyde

fixation,

the

collected

bone

marrow and red blood cells were initially fixed in 2% paraformal
dehyde at 4 °C for 2 hours.

Cells were found to hemolyze during

subsequent treatment with sucrose.

If the duration of

was increased to 4 hours, most epitopes were gone.
PLP fixative

fixation

Fixation in

also failed to preserve enough antigenic sites in

the ultrathin cryosections of bone marrow cells.

It was decided

that some glutaraldehyde has to used to provide ultra structure
preservation and yet it should be in very low concentration so
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that antigenic sites would not be completely destroyed.

To do

this some protective chemical such as EAT, which can reduce the

cross linkages caused by glutaraldehyde, would be needed.
fixative procedure consisting of

a

tually,

Even

treatment with

2%

paraformaldehyde and 0.2 M EAI, followed by 0.25% glutaraldehyde,

was found to
bone marrow

provide the best result

fixation of both

and red blood cells obtained from whole circulating

Preservation of both

blood.

in the

the ultra structures of cells or

the epitopes of Na,K-ATPase is reasonably satisfactory.

Electron Immunomarkers

The

fixative
had

to

be

(Dutton

et

al.

immunomarker

dextrans
Taylor,

for a
stained

1971)

number

been

having

solved,

made.

the

Ferritin

1979),

and

choice

of

1959),

(Singer,

colloidal

electron

iron

(Faulk

gold

and

have been used as markers for immunocytochemistry
of

years.
and

specimens

stained specimens

The

fine

no

(Kyte,

ferritin cannot
structure

is

be

seen

apparent

over

on

on

under

A comparison of immunolabeling

1976).

methods also indicated that the ferritin-labeled antibody method
produced poor localization of antigen (Beesley et al.

the other hand gold markers were suitable

for use

1982).

On

in strongly

contrasted sections because of their high electron density, which

is

particularly

1984).

important

in

cryosections

(Griffiths

et

al.

Moreover, counting of gold particles is a convenient way

to obtain the quantitative
(Slot et al. 1989).

information about

labeling patterns

Therefore colloid gold seems to be the best
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But what type of linker protein should be used?

choice.

IgG-

For the

gold and protein-A-gold are both available commercially.

present work there are several advantages in using protein-A gold

over IgG-gold:

(1)

different sizes of protein-A-gold particles

are available,

(2)

protein-A can immunoreact with most animal's

IgG,

(3) one can choose almost any size of gold to label single

antigen-IgG

complexes

sizes of gold particles to

IgG

complexes

in

the

or

(single-labeling),

use

differentiate two different antigen-

same

section

(double-labeling),

protein-A-gold labels the antigen-antibody directly

In other words,

different

two

(4)

and

(one-step).

there is no need to use two-step marking

(i.e.

use a secondary IgG against primary IgG and then label the sec

ondary IgG with protein-A-gold).

It was reported that IgG-gold

labeling has a higher sensitivity, but the labeling background is
lower in the procedure using a one-step protein-A-gold

in ul

trathin cryosections (Slot et al. 1989).

Labeling Efficiency

The

ratio

of

labeling

"labeling efficiency"

to

density

(Slot et al.

antigen

1989).

is

called

the

Labeling efficiency

differs under different labeling condition and also when differ

ent sizes protein-A-gold are used.

from

experimental

protocols,

different embedding procedure

These variations may result

such

as:

different

fixations,

(with resins or without resins as

in the case of frozen sections), different quality of immunorea

gent and

reaction

conditions

such
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as temperature,

dilution

or

reagents.

In

studies

addition,

protein-gold complexes

and cell

on

the

surfaces

between

interactions

showed the

number of

binding sites represented by one IgG-gold complex depends primar
ily

on

the

particle

binding sites.
increases

with

binding sites,

size.

larger gold

The

The efficiency of binding of

decreasing
however

gold

, is

particle

particle

more

IgG-gold complexes

size;

not achieved.

has

saturation

The affinity of

of
IgG

of the gold particles to which IgG was

decreases with the size

bound, whereas the affinity of the entire gold particle increases

with particle size because there are more IgG in the bigger gold

particle (Kehle and Herzog,

1987).

All these characteristics of

IgG-gold particles can be applied to protein-A-gold particles.
With ultrathin cryosections and protein-A-gold as the immunomark

er, the small protein-A-gold particles have higher labeling effi
ciency than the large protein-A-gold particles, because the small

gold particles can approach the antigen-antibody complexes more

easily, and contain less protein A molecules which mask off IgG
molecules on the antigen.

In this dissertation research,

10 nm

protein-A-gold was used to obtain the relative density of various

isoforms of the a and )9 subunits of Na,K-ATPase.

It was found

that using the more efficient small protein-A-gold particles did
not affect the relative

amount of

single

individual

antigen

labeling (Table 10).

Other difficulties arose when double-labeling was attempted.
There are

a

number of

protein-A-gold.

inherent problems associated with using

Protein A-gold is not specific to a particular
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IgG.

and also weakly to Fab site

It binds to Fc site of IgG,

(Bendayan,

1984).

The binding sites on the protein-A are

not

fully saturated and the small protein-A-gold particles have less
All

affinity than the larger protein-A-gold for the Fc sites.

these properties make it difficult to double-label two antigens

sitting side by side in the same cell.

This is also the reason

why it is not suitable to use 5 nm (G5) and 10 nm (GIO)

(or al and a3)

A-gold for doubling of al and a2

protein-

to get at the

relative abundance of these isoforms.
The binding of protein-A containing the second gold particle

to an Fab site of first IgG

causes the co-localization of two

different sizes of gold particles on the same antibody resulting
in a pseudo-complex (i.e. G5G10 complex).

The use of small gold

particles as the

first probe reduced

pseudo-labeling.

By saturating the Fc sites of the first labeled

IgGs

with

a

high

concentration of

the possibility of this

small

gold

particles

possibility of the large gold particles (the second probe)

ing to the first labeled IgG was reduced.

incubation.

bind

Since the larger gold

has a higher affinity than the smaller gold,

for the smaller one during

the

it may substitute

Reducing the

incubation

time of the second antibody was found to decrease the occurrence

of small gold particles coming off the Fc site.
As shown in Figs.

subunits, a and fi,

34-37,

is possible to label

it

the two

of the Na,K-ATPase, using the protocol in the

a isoform was labeled just with smaller gold.

Although pseudo

complexes of a& do occur

a201

in all

cases
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(al01,

and

a301) ,

there were significant differences between the labeling of true

complexes and pseudo-complexes of crl01 and a201.

The labeling of

cr301 between control and experiment is insignificant,

indicating

that there is no formation of the true complexes.

Specificity of Antisera

A third technical question that had to be answered was : how

good are the antisera used in this work. There is always skepti
cism concerning the specificity of antibody when they are

tained from commercial sources.

ob

The isoform specific polyclonal

antisera used in this research were purchased from Upstate Bio

technology (UBI).

According to this company,

produced following the protocol

the antisera were

of Shyjan and Levenson

(1989).

Specific antigen was produced in bacteria transfected with cDNA

which transcribes the specific segment of a or 0 subunit of rat
Na,K-ATPase,

There is no cross reaction between

and purified.

isoforms because the antiserum has been reabsorbed by the

each

other

antigens

(isoforms)

of

Na,K-ATPase.

Furthermore,

the

patterns of the labeling of these different antibodies in immu

noreactive tissues are distinctly different.

This set of anti

sera has previously been used in labeling the various a and
subunits of the pump in the inner ear of the Gerbil
Schulte,

1994) ,

(McGuirt and

but this was an immunostaining study for light

microscopy , not for electron microscopy.

To

be

certain

that

the

antisera

were

indeed

specific,

a

number of positive and negative control studies were carried out.
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In these control studies, it was important that the labels showed
up at places where they were expected and did not appear at loca
tion where they were known not to occur.

In this regard, label

ing of a and 0 isoforms of Na, K-ATPase in the renal tubule and

neuronal tissue would be good examples to show the specificity of

the antibodies.

Xistfirai in rat
In the rat kidney tubule, the anti al and

isoforms anti

sera label their respective antigenic sites along the basolateral
sides but not the apical side (Fig.3 and Fig.4).

The labeling of

a2 isoform is very low at the basolateral side and absent at the

apical side.

The labels of the a3

isoform appear in the

inner

membrane of mitochondria of the basal side, and some of them are

seen in the apical sides of the basal area of the brush border

(Fig.3 and 4).

It has been well accepted that the major form of

Na, K-ATPase in kidney is al and £1 isoforms and the basolateral

side

is where they are concentrated

1989).

Thus

the

results

obtained

(for review,
with

rat

see Sweadner,

renal

tubule

are

consistent with what was expected.
There is one controversial observation regarding the pres

ence of Na,K-ATPase at the apical side of the renal tubule.
(1976b), who used

the immunoferritin to label the

Kyte

Na,K-ATPase

with anti-holoenzyme antibody in ultrathin cryosections of proxi

mal convoluted tubule

from canine renal

cortex has

found that

antibodies against Na,K-ATPase recognize an antigen on the lumi104

nal surfaces of the tubules within the bush border and proposed

that the enzyme is present in this region of the plasma membrane
as well, although at much lower concentration.

A brush border

fraction from rabbit kidney has been shown to contain significant
amount

of

(Kyte,

Na,K-ATPase

1976b).

Urayama

et

al.

(1989)

reported the monoclonal antibody against the o3 isoform of Na,K-

which recognizes axolemma Na,K-ATPase most

ATPase,

McB-X3,

bustly,

also binds weakly to kidney Na,K-ATPase on immunoblots.

Another

monoclonal

reported to

anti

a3

antibody,

isoforms

inhibit the Na,K-ATPase

activity

IIE2,

1993).

there any a3

These

observations

isoforms

raise

been

in the crude mi

crosomes from the collecting duct of pig kidney
al.

has

ro

(Barlet-Bas et

questions.

several

in kidney? Where are they located?

Are
The

techniques of immunoblot and immunoreabsorption

could not tell

exactly the location of the enzyme in the cell.

The labeling of

antiholoenzyme with immunoferritin cannot differentiate the type
of isoform of the Na, K-ATPase

or show a clear location on the

apical side of the proximal renal tubule where they are present

(Kyte,

1976b).

Fig. 3C and Fig. 4C clearly show that the ot3 iso

forms are distributed in the basal area of the microvilli as well
as in the inner membrane of the mitochondria.

It seems there is

no doubt the a3 isoform is present in the renal tubule, but what
kind of role they play in the translocation of Na and K is not
clear.
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iBoforma in rat brain cortex

The

of

distributions

al

a2

and

isoforms

axolemma and myelin sheath (Fig.5, A and B).

are

around

the

The a3 isoform are

seen in the hillock of neuronal cell (Fig.5C).

The al isoform is

a ubiquitous isozyme of Na,K-ATPase which is expressed virtually

everywhere
isoform

in the body.

in

1979

In

axolemma.

is not

It

find the al

surprising to

Sweadner

presented

convincing

evidence that there were at least two molecular forms of the a
subunit, a and a(+),

located in different kinds of cells within

the brain.

found

The a(+)

in

isolated axolemma has since been

determined to be a mixture of the a2 and a3 isoforms (for review

There is no question a2 and a3 isoforms are

see Sweadner, 1992).

present in the rat brain cortex.

in situ hybridization

the rat brain,
and

labeled.

W.

Schneider et al.

1988)

intensely labeled the major neuronal

the a3 probe

tex

(J.

Another set of data based on

shows that

formation of

including the hippocampus, dentate gyrus,

subiculum,

whereas

white

matter

was

not

neocor

appreciably

The areas of brain tissue labeled by a3 were all dense

ly populated by neuronal cell bodies.

This is consistent with

the present observation shown here in the immunoelectron micro
graph of Fig. 5C.

The a3

isoforms are in the cytoplasm near the

cell body of the neuron in the rat brain cortex.
same picture,

the axon.

the a3

There

is

As shown in the

isoform is seen along the cytoskeleton
evidence that

the pump protein might be

found in the microtubular structure of the cell.
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in

In MOCK cells,

the recruitment of the sodium pump protein due to the stimulation

of aldosterone could be blocked by colchicine,

disrupts

the

microtubular

Ewart and Klip,

1995) .

transport

This

system

a compound that

(for

reviews,

see

suggests that the a3 iso forms are

synthesized in cell body of the neuron and are transported away
to the axolemma by way of the microtubule.

western blot
To confirm further that there are a3
cytes,

a Western

isoforms in reticulo

immunoblot experiment has been done

(Fig.53).

As mentioned previously, it is not easy to purify different kinds

of cells from bone marrow tissue.
of rat bone marrow cells

rich

in

As a compromise, a homogenate

reticulocyte was used and

a

homogenate of rat brain tissue which is known to contain a large

amount of the a3 isoform was used as a control.

a3 isoform antibody, McB-X3

(a gift from Dr. Kathleen Sweadner),

was used to immunoprecipitate.

Both bone marrow and brain tis

sues show similar bands in the gel.

the 93 kD region.

Monoclonal anti

There is a distinct band in

This result indicates that bone marrow cells

contain the same antigens as the brain tissue,
react to the monoclonal antibody, McB-X3.

which

strongly

This further confirms

that there are a3 proteins in the rat's bone marrow and the a3
isoform

appears

predominantly in the reticulocytes, but not in

the granulocyte (Fig.52).
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IL CHANGES IN ISOFORMS IN THE RAT ERYTHROBLASTIC CELLS

All three isoforms of the a subunit (al, a2 and a3) and two

found in the rat erythroblastic

iso forms of the P subunit are
cells.

The a and p

subunits

are not coordinately synthesized.

The total amount of the a isoforms is over expressed relative to

the total amount of the g isoforms in all stages of the erythro
blastic

development.

cell

This

over-abundance

of

a

isoforms

occurs in both the cytoplasm and on the cell membrane (Tables 6

9) .

In the cytoplasm of erythroblasts,

the a3 isoform.

a3 isoform.

the predominant form is

On the membrane, the al isoform is more than the

The a2 isoform is present in minor amounts both in

the cytoplasm and on the cell membrane.

This suggests the al is

the predominant functional isozyme of the Na,K-ATPase in erythro

blasts .
An interesting observation during maturation of the erythro

blastic cell

is that when the erythroblast denucleates to form

the reticulocyte, the number of individual isoforms of the
P subunits of Na,K-ATPase (especially al and a3)

increases significantly.
ly

a and

in the cytoplasm

These sodium pump proteins

subsequent

are reduced in mature red blood cells.

It is not clear what is the cause for this increase.

It is

possible that the denucleation of the erythroblastic cells invol

ves a change of the membrane permeability to sodium.

A sudden

influx of sodium increases the intracellular sodium concentration
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and

activates

which

synthetic

eventually

are

cells.

the

mechanism

degraded

Whatever the reason,

in

for

pump

the

non-nucleated

the

subunits,
red

blood

this transient surge in the number

mem

of cytoplasmic al and a3 isoforms is not seen in the cell

brane, and therefore does not seem to affect the functional pump.
The a2, 01, and 02 show only a slight increase in the cyto
plasm after denucleation of the cell.

Thus it is clear there is

not enough proteins of the 0 isoforms

to form the a0 complexes

with all

the proteins of a

isoforms.

As shown

in the double

labeling experiments of a and 0 subunits with 5 and 10 nm gold,

only a101 complexes (and to a smaller extent the a201 complexes)
are seen to increase significantly in the reticulocytes.

There

is no significant number of a301 complex. It was seen from exam

ining young and old reticulocytes that the increase in production
of the al isoform precedes that of the a3 isoform.

One can make

the argument that the proteins of the al isoform, being produced

first,

have

a

Therefore the

better chance

to

complex with

proteins of the a3

available 01 proteins.

the 01

isoform are left without any

On the other hand,

it could be argued

that the proteins of the a3 isoform form complexes

proteins.

This

seems

unlikely

proteins.

because

the

amount

with the 02
of

the

02

isoform is very little in the reticulocyte.
On the cell membrane,

the a 101

is the predominant

form

.

This suggests that this form of complex is the functional pump

unit on the membrane.

All al01, a201 and a301 complexes on the

membrane decrease in number during maturation.
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Inaba and Maede

have shown that there

is a degradative enzyme

in the red cell

homogenate, which could degrade the number of Na,K-ATPase (Inaba

and Maede,

1985) .

How this

enzyme play a

regulatory

role

in

reducing the membrane pump units is not well understood at this

time, nor is it clear why the reticulocyte make this much
not use it as a pump subunit.

a3 and

Is this phenomenon a remnant of

evolution or is there a more important meaning attached to it?

In any event,

this transient increase in

the a isoforms seems

to be an effort of the cell's attempt to make more pumps, possi
bly to remove increased amount of intracellular sodium.
The finding that the membrane al01 complexes are reduced is
consistent with the results of the

kinetic measurement

sodium pump which decreases in activity in
during maturation

(Kirk et al.

1984).

of the

erythroblastic cells

What stimulates the in

crease in synthesis of the pump protein in reticulocyte?

Why are

the synthesized proteins not transported to the plasma membrane?
What is the role of the 0 subunit in the maturation of Na, K-AT-

Pase?

It appears that the proteins of the a3 isoform are trapped
in endoplasmic

reticulum.

As

shown in Fig.42

and Fig.43,

the

labeling of a3 is arranged in a double-layer pattern which seems

to be the structure of the endoplasmic reticulum.

There is no doubt that plasma membrane proteins are synthe
sized on membrane-bound ribosomes of the rough endoplasmic mem

brane (ER)
ER,

and co- or post-translationally translocated into the

which contains enzymes that promote correct protein folding
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or enzymes that catalyze lipid and oligosaccharide synthesis (for

see

reviews,

traditional
standard

Rose

and

plastic

structure

Dorns) .

(Fig. IB),

section
of

the

the

In

electron
it

endoplasmic

is

micrograph
see

the

Instead,

the

hard

reticulum.

to

ribosomes are seen to fill the whole reticulocytes.
servation suggests that the cells

plasmic protein (such as hemoglobin).

shown in Fig.43),

closely

As shown in Fig 42, the a3

(the enlarged part of the picture

the parallel

membrane structure.

by the cyto

line up to form a network struc

isoforms (small gold particles)

When examined

This ob

are actively synthesizing the

protein and the lumen of the ER is simply squeezed

ture.

of

labeling seems to dot along the

Indeed, the labeling of the a2pi in the rat

granulocyte provides the best example to showing the assembly of
the

ap

complexes

Western blot

of

Na, K-ATPase

(Fig.53),

the gel

in
of

the

ER

(Fig.51).

the homogenate

of

In

the

the

bone

marrow cells immunoreacted with monoclonal antibody, McB-X3, also
shows there are

weight.

molecules of the a3 isoform with lower molecular

Thus some of these a3 labelings

could be the degraded

or not completely synthesized proteins of a3 isoform.
reason they are not able to exit the ER membrane .

For some

One possible

reason could be the role played by p subunits.

Role of the /J-Subunit

Although the role of the p subunit is not completely clear,

it has been well accepted that the p subunit plays a central role
in regulating the abundance

of the
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sodium pump

(Ackermann

and

Geering,

1990;

for reviews,

see McDonough 1990;

The data on the over expression of a isofonns

1991).

Geering

in reticulocytes

reported here are similar to the observation in Xenopus oocyte
(Geering,

In the fully grown oocyte

1989).

Xenopus laevis

of

the synthesis of the amount of the p subunit is synthesized much

less than that of the a subunit.

The a subunits produced are

highly trypsin sensitive. With the injection of 0-cDNA into the
oocytes,

exogenous p

the synthesis of this

subunit

increases

significantly the proportion of trypsin-resistant a subunits and
their ability to perform cation-dependent conformational changes.

It has been concluded that the association of the p subunit to
the a subunit induces a structural rearrangement of the a subunit
that might be the first step toward the functional maturation of
the

Na,K-ATPase

and

its

at

expression

the

membrane

plasma

(Geering et al. 1989).
One of the unique characteristic of the mammalian reticulo
cyte is that the cell does not increase its transcripts of mRNA

after denucleation.

When the cell loses its nucleus, part of the

ER membrane and most part of the Golgi apparatus are also lost.

There is no doubt that reticulocytes still
to synthesize their proteins.

free-cell

reticulocyte

from A6 or TBM cells.

lysate

use

Geering et al.

mRNA as template

(1985)

used

to translate the mRNA p

the

subunit

In the absence of the rough microsomes,

the molecular weight of the P subunit is about 32 RD,

presence of

the

rough microsomes

it

is

about

42

RD

in the

(Geering,

1985), this suggests that the rough microsome is need for glyco
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sylation of the p subunit.

nonglycosylated p subunit of

The

Na,K-ATPase is trypsin sensitive and is subject to rapid degrada

tion

(Geering,

proteins

of

1990) . It is possible that the newly synthesized

the

nonglycosylated.

subunit

p

reticulocytes

studied

here

are

This could be the reason why the amount of p

isoforms is so small

complexes

in

in reticulocytes and why the amount of ap

does not increase as the amount of a isoforms increas

es in reticulocytes.
The amount of the al01

is much greater than the amount of

the <1201 and a301 complexes in both the cytoplasm and the mem
brane

in erythroblastic cells.

complexes

is

insignificant.

increase in number of the

Actually,

As

the labeling of a3/31

mentioned

the

before

sudden

al proteins occurs earlier than that

of the a3 proteins (Fig.41 and 42).

This may explain why the al

isoform has a better chance to form complexes with the pi isoform

than the a3 isoform.

Without the p subunit, the newly synthe

sized a3 subunit could not adopt a stable membrane
by

its

assembling

with

the p

subunit ;

the

fate

organization
of

the

large

number of a3 isoforms in the reticulocyte is sealed, and they are

subject

to

quick

degradation

as

the

reticulocyte

matures

in

circulation.

Insertion of Pump Protein

It has been proposed that

the

insertion of the a subunit

requires the p subunit as a receptor in the ER membrane (Hyatt et

al. 1984).

The data from studies on
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membrane insertion of a and

P subunits indicate that both a and 0 subunits are inserted into
the ER membranes independently of each other during their synthe

sis and

that the a subunit is synthesized prior to association

with the membrane

(Geering et al.

1985).

It was also reported

that the sugar moiety of the p subunit does not affect the assem
bly of the ap complexes (Tamkun and Fambrough,

1986), the inser

tion of the complexes to the plasma membrane or the pump function

(Zamofing,

1988).

However,

in the immunoelectron micrographs of

double labeling experiments reported here,

it can be seen that

there are many individual a isoforms either in the cytoplasm or

on the membrane, not complexing with the P isoform.

In addition,

in the immunoelectron micrographs of reticulocytes double-labeled
with a3/Jl (Fig.42 and 43), the a3 subunits seem to form a network

pattern associating

with the ER membrane and not in combination

with the P subunit.

This observation provides direct evidence

that the mRNA encoding the a isoforms is membrane bound (Geering
et al.

1985), in contrast to the original report that the a-mRNA

is derived from a pool of polysomes (Hiatt et al. 1984).
The distribution of the Na,K-ATPase shows a distinct polar
ity in epithelia that function to reabsorb sodium, e.g. the renal

tubule and intestinal epithelium.
pumps

are

located

at

the

There is agreement that the

basolateral

side

of

the

epithelia.

While the proteins of the al isoforms in the kidney tubule are

exclusively basolateral,

the Na,K-ATPase in the retinal pigment
on the apical membrane (Gundersen et

epithelium

cells is found

al. 1989).

In nerve tissue, the al and a3 isoforms are found in
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the membranes of both axons and dendrites (Pietrini et al. 1992).

The results of this study in the erythroblastic cells do not show

a polarity in the

distribution of any of the isoforms of a and 0

Interestingly, the labeling in granulocytes

subunits.

(Fig.50)

shows that the pump protein can anchor on the membrane of gran

ules,

ER,

mitochondria and on the plasma membrane.

There is a

report that in renal tubule some pump proteins may be apically
located though in much less quantity than those in basolateral

side (Kyte,

1976a).

In this research some apical labeling of a3

The finding of the

isoform is also observed (Fig.3 and Fig.4).

pump protein in both apical and basolateral side suggests that
the

insertion of Na,K-ATPase may be

random.

Many

researchers

have pointed out that polarity in distribution of the Na,K-ATPase

is related the distribution of the cytokeleton such as ankyrin

(Nelson and Hammerton,

and fodrin

1987; Gundersen et al. 1989).

Hammerton

(1987)

1987;

Nelson and Veshnock,

With purified proteins, Nelson and

observed that the Na,K-ATPase

ankyrin with high affinity and specificity.

interaction

of

the

Na,K-ATPase

with

is able to bind

In MDCK cells the

ankyrin,

and

fodrin

was

thought to play an important role in the spatial organization of

the Na,K-ATPase.

cytoskeletal

The interactions between membrane proteins and

proteins

have

been

extensively

characterized

in

human erythrocytes. A dense cell coat comprising mainly spectrin

and actin,

is attached through a linker protein, ankyrin, to the

anion transporter (Band 3).

It is possible that proteins of the

anion transporter compete with Na,K-ATPase for anchoring sites of
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the ankyrin.

If this

is the case in reticulocytes,

the newly

synthesized pump proteins have to compete with the huge amount of
Band 3 for membrane insertion sites.

Therefore it is not sur

prising that the structures of both a and 0 subunit may not be
and

stable,

that

there

is

no

increase

functional

in the

pump

protein on the membrane of reticulocytes.
It should be pointed out here that in the renal tubule most

of the a subunits are seen on the membrane of basolateral epi
They are hardly seen in the cytoplasm of these cells.

thelium.

In contrast to what is seen in the reticulocytes ,

the al and 01

subunits in renal tubule are coordinately synthesized and the a0
complexes are many. They apparently exit from the ER rapidly and

last for a relatively long period of time.
ized

by

needed.

endocytosis

and

recruited

back

They can be internal
to

the

membrane

when

In contrast, the membrane of the reticulocyte is rigid,

and it is doubtful

if there is endocytosis or recycling of the

pump proteins because the cell now lacks all the proper cellular

components for routing the protein.
the membrane

complexes on
complex

is inserted

stabilized

by

the

is

small,

Though the number of the a0
it

appears

that

once

the

into the membrane of the reticulocyte and

spectrin

and

ankyrin,

the

stabilized

pump

protein does not degrade much throughout the life span of the red

cells.

survive

This probably is the reason why the red blood cells can

for

120 days

in the circulation even though they have

lost the synthetic ability to renew their pump proteins.
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CONCLUSIONS

1.

All three isoforms of the a subunit and two isoforms of p

subunit

of

Na,K-ATPase

found

are

in

nucleated

erythroblasts,

In the cytoplasm, the

reticulocytes and mature red blood cells.

ot3 isoform is more abundant than the other isoforms,

whereas on

the plasma membrane, it is the al isoform that is most numerous.

2.

During

maturation

of

the

erythroblastic

cells,

there

is

a

transient increase in all isoforms in cytoplasm of reticulocytes,

especially the a3 and al isoforms.

The amount of the increase of

the a3 isoform is great, while the amount of the increase of a2,

pl, and p2 isoforms are slight.

3.

The

transient

reticulocytes

does

increase

not

of

occur

isoforms

on

the

seen

cell

in

cytoplasm

All

membrane.

of

the

isoforms on the cell membrane continuously during maturation.

4.

The

al

and

a2

isoforms

better than the a3 isoform.

can

associate with

the

P1

isoform

The al/Jl complex is the major form

of Na,K-ATPase in the cytoplasm and on the membrane in erythro
blastic cells.

5.

The aP complexes

in cytoplasm of reticulocytes do not

crease in parallel with single a isoforms.
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in

The aP complexes on

the membrane decrease during maturation.

6.

in

What causes the increase in the synthesis of the a isoforms
reticulocyte

increase

is

leakiness

unknown.

of

A

cell

the

reason

possible
membrane

could

during

be

the

denucleation

resulting in an increase in the intracellular sodium concentra
tion , thereby activating the pump protein synthesis.

7.

The decrease in the a isoforms and a0 complexes on the mem

brane

is

the

possibly

major

reason

for

the

reduction

of

the

sodium pump activity in erythroblastic cells during maturation.

8.
are

The a3 isoforms are trapped in the endoplasmic reticulum and

not complexed with the 0 subunit.

insertion

of

the

a

onto

subunit

the

This indicates that the
membrane

of

endoplasmic

reticulum does not require the 0 subunit as a receptor and the a

subunit is synthesized by membrane-bound polyribosomes.

9.

The accumulation of ot3

and the lack of

isoforms in the endoplasmic reticulum

formation of a301 complex

indicate that the 0

subunit is important for the a3 isoform to exit the endoplasmic
reticulum.

10.

The decrease of a3

isoforms in mature red blood cells sug

gests that without the 0 subunit to form a stable a30 complex,
the o3 isoform simply degrades.
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Table 1. Determination of the optimal dilution of the antiserum against the al
isoform of the rat Na,K-ATPase.

Total Gold / p2

Non-spec / p2

Spec. / p2

S/N

1:5

8. l±l .2(16)

0.8±0.1(7)

7.3±1.2

9 1

1:25

4.2±1.2(11 )

0.7+0 1(5)

3.5+1.2

5.0

1:50

1 6±0.7(4)

0.2±0.1(4)

1 4±0.7

7.0

1:100

1 2±0.8(6)

0.4±0 2(3)

O 8±O 8

2.0

Dilution

• The polyclonal antibody against the al isoform of the Na,K-ATPase was obtained
from Upstate Biotechnology Incorporated (UBI), and 10 nm protein-A-gold particles
(Amersham) were used for labeling The dilution of protein-A-gold particles was at
1 200
• • The experiment was carried out with reticulocytes of the rat Cytoplasmic densities of
protein-A-gold are shown here The number of gold labeling in the nuclei of the
erythroblasts of the the same section was used as non-specific binding The specific
binding is the difference between the total protein-A-gold and this non-specific binding.
• ••The data given are mean±S E Sample numbers are indicated in the parentheses
• ••• S/N is the signal to noise ratio estimated by dividing the specific binding shown in
column 4 by the non-specific binding shown in column 3
•••• The optimal dilutioin of antiserum against the al isoform is 1 5
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Table 2. Determination of the optimal dilution of the antiserum against the a2
isoform of the rat Na,K-ATPase.

Total Gold / p2

Non-spec. / p2

Spec. / p2

S/N

1:5

2.210.3(15)

0.610.1(6)

1 610 3

2.7

1:25

1 .210.01(3)

0.810.1(5)

0 410.1

0.5

1:50

0.910.2(10)

0.410.2(3)

0.5010.2

13

1:100

0.810.11(4)

0.210.1(3)

0.6010.1

3.0

Dilution

• The polyclonal antibody against the o2 isoform of the Na,K-ATPase was obtained
from Upstate Biotechnology Incorporated (UBI), and 10 nm protein-A-gold particles
(Amersham) were used for labeling The dilution of protein-A-gold particles was at
1 200
* * The experiment was carried out with reticulocytes of the rat Cytoplasmic densities of
protein-A-gold are shown here The number of gold labeling in the nuclei of the
erythroblasts of the the same section was used as non-specific binding The specific
binding is the difference between the total protein-A-gold and this non-specific binding.
* **The data given are meanlS E Sample numbers are indicated in the parentheses
* **• S/N is the signal to noise ratio estimated by dividing the specific binding shown in
column 4 by the non-specific binding shown in column 3
** *** The optimal dilutioin of antiserum against the a2 isoform is 1 5
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Table 3. Determination of the optimal dilution of the antiserum against the a3
isoform of the rat Na,K-ATPase.

Total Gold / p2

Non-spec. / p2

Spec. / p2

S/N

1:25

17.6±3.7(8)

0.4±0.1(4)

17.213.7

43.0

1:50

12.7±5.2(5)

O.5±O.l(3)

12.215.2

24.4

1:100

19.811.3(12)

0.310.1(3)

19.511.3

65.0

1:200

4.3±1.1(4)

0.210.1(5)

4 111 1

20.7

Dilution

* The polyclonal antibody against the <x3 isoform of the Na,K-ATPase was obtained
from Upstate Biotechnology Incorporated (UBI), and 10 nm protein-A-gold particles
(Amersham) were used for labeling The dilution of protein-A-gold particles was at
I 200
•• The experiment was carried out with reticulocytes of the rat Cytoplasmic densities of
protein-A-gold are shown here The number of gold labeling in the nuclei of the
erythroblasts of the the same section was used as non-specific binding The specific
binding is the difference between the total protein-A-gold and this non-specific binding.
** *The data given are mean±S E Sample numbers are indicated in the parentheses
** ** S/N is the signal to noise ratio estimated by dividing the specific binding shown in
column 4 by the non-specific binding shown in column 3
** *** The optimal dilutioin of antiserum against the a3 iso form is 1 100
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Table 4. Determination of the optimal dilution of the antiserum against the 01
isoform of the rat Na,K-ATPase.

Total Gold / p2

Non-spec. / p2

Spec. / p2

S/N

1:5

4.3±0.5(7)

1.110.3(3)

2.110.6

1.9

1:25

2.910.6(4)

0.910.3(3)

2.010.7

2.2

1:50

1.710.2(8)

0.710.1(5)

1.010.2

1.4

1:100

1.510.2(7)

0.510.1(3)

1.010.2

2.0

Dilution

* The polyclonal antibody against the 01 isoform of the Na,K-ATPase was obtained
from Upstate Biotechnology Incorporated (UBI), and 10 nm protein-A-gold particles
(Amersham) were used for labeling The dilution of protein-A-gold particles was at
1:200
* * The experiment was carried out with reticulocytes of the rat Cytoplasmic densities of
protein-A-gold are shown here. The number of gold labeling in the nuclei of the
erythroblasts of the the same section was used as non-specific binding The specific
binding is the difference between the total protein-A-gold and this non-specific binding.
* **The data given are mean+S E Sample numbers are indicated in the parentheses
* *** S/N is the signal to noise ratio estimated by dividing the specific binding shown in
column 4 by the non-specific binding shown in column 3
* **** The optimal dilutioin of antiserum against the 01 isoform is I 25
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Table 5. Determination of the optimal dilution of the antiserum against the (32
isoform of the rat Na,K-ATPase.

Dilution

Total Gold / p2

Non-spec. / p2

Spec. / p2

S/N

1:5

2.4±0.4(5)

0.8±0.1(2)

1 6±0.4

2.0

1:25

1.3±0.2(5)

0.4±0.1(2)

0.910.2

2.3

1:50

1 4±0.2(5)

0.5±0.1(2)

0.910.2

1.8

1:100

0.5±0 1(5)

0.2±0.1(2)

0 3+0 1

1.5

* The polyclonal antibody against the (32 isoform of the Na,K-ATPase was obtained
from Upstate Biotechnology Incorporated (UBI), and 10 run protein-A-gold particles
(Amersham) were used for labeling The dilution of protein-A-gold particles was at
1 200
* * The experiment was carried out with reticulocytes of the rat Cytoplasmic densities of
protein-A-gold are shown here The number of gold labeling in the nuclei of the
erythroblasts of the the same section was used as non-specific binding The specific
binding is the difference between the total protein-A-gold and this non-specific binding.
• ••The data given are mean±S E Sample numbers are indicated in the parentheses
• ••• S/N is the signal to noise ratio estimated by dividing the specific binding shown in
column 4 by the non-specific binding shown in column 3
•• •• The optimal dilutioin of antiserum against the (32 isoform is I 25

123

Table 6. Relative abundance of a and 0 isoforms of Na,K-ATPase in the
cytoplasm of erythroblast of rat.

al : o2 : a3 : 01 : 02 = 1 : 0.3 : 2.0 : 0.3 : 0.3

* The amounts of a and P iso forms are calculated relative to the apparent density of
al isoform, which is 3 9 / p2

Table 7. Relative abundance of a and 0 isoforms of Na,K-ATPase on the cell
membrane of erythroblast of rat.

al : a2 : a3 : 01 : 02 = 1 : 0.2 : 0.7 : 0.5 : 0.3

• The amounts of a and p iso forms are calculated relative to the apparent density of
al isoform, which is 0 77 / p
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Table 8. Relative abundance of a and p isoforms of Na,K-ATPase in the
cytoplasm of reticulocyte of rat.

al : a2 : a3 : pi : P2 = 1 : 0.2 : 2.4 : 0.3 : 0.2

* The amounts of a and P isoforms are calculated relative to the apparent density of
al isoform, which is 7 3 / p:

Table 9. Relative abundance of a and P isoforms of Na,K-ATPase on the cell
membrane of reticulocyte of rat.

al : a2 : a3 : pi : p2 = 1 : 0.3 : 1.1 : 0.4 : 0.2

• The amounts of a and P isoforms are calculated relative to the apparent density of
a 1 iso form, which is 0 56 / p
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Table 10. Comparison of labeling of al and a3 isoforms of Na,KATPase in rat reticulocyte cytoplasm with 10 and 5 nm protein-A gold.

al

a3

a3 / al

GIO

7.3±1.2 (16)

17.2±3.7(9)

2.4

G5

18.3±3.5 (7)

61 0+32.8(7)

3.3

G5/G10

2.3

3.7
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Fig.1.

cells.

Electron micrographs of epon sections of rat bone marrow

(A)

Different kinds of bone marrow cells are identified:

erythroblast

(Eb),

granulocyte

(Gn),

macrophage

cyte (Rt) and ejected

nucleus (Nu).

can be differentiated

from early reticulocyte

cumulation

of

iron

in

(B) Late reticulocyte (LRt)

hemoglobulin

density under eletron microscope.

reticulo

(Mg),

(ERt)

higher

showing
Clusters

by the ac

of

electron

ribosomes

(Rs)

(small arrows) can be seen in these two stages of reticulocytes.

In

the

served.

early

stage,

mitochondria

(Me)

(large

arrows)

are

ob

The standard structure of endoplasma reticulum is not

apparent in either stage of the reticulocytes.

821

r

L
"1

■A'

Fig.2.

Electron micrographs

of ultrathin

cryosections

bone marrow cells with and without cryoprotectant.
dried cryosection of a non-protected

(A)

of

rat

Freeze-

rat bone marrow specimen.

Cells were not fixed with any fixatives and not penetrated with

any cryo-protectant.

Certain cells

can be

identified,

because of ice crystal damage the morphology is poor.

but

Non-pro-

tected cryosections are particularly useful for x-ray microanaly
sis because there is little redistribution of intracellular ions.
(B) Cells were slightly fixed

sucrose and

PVP as a

and infiltrated with a mixture of

cryoprotectant.

The

ultrastructure pre

served by this technique is better than that in (A), but does not
have the clarity as that shown than in Fig.

1.

Sucrose and PVP

protected cryosections were used for immunocytochemistry in this

research.

Legends :

reticulocyte (Rt)

granulocyte

(Gn),

erythroblast

(Eb)

and

>
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Fig.3.

Immunoelectron micrographs

of

the

apical

side

of

rat

renal tubule labeled with polyclonal rabbit antisera against

al,

a2, a3 isoform of rat Na,K-ATPase and 10 nm

(A)

Labeling

(arrows)

protein-A-gold.

of al isoform can hardly be seen in the micr-

villi (Mv) or cytosol, but a few gold particles are found in the
mitochondria (Mc).

in any structures

sections were

(B) Very few gold particles (arrows) are seen
in the

apical

treated with

anti

side of the

a2

antiserum.

renal
(C)

cell,

when

Many gold

particles labeling the a3 isoforms are present in the inner mem
brane of mitochondria

(Me)

(arrows)

and a

few of this

show up in the basal area of the microvilli (arrow heads).

isoform

2EI

4

V

s

Fig.4.

Inununoelectron micrographs of

the basolateral

side of

rat renal tubule labeled with polyclonal rabbit antisera against

al, a2, and a3 isoforms of rat Na, K-ATPase and 10 nm protein-Agold.

(A)

Section was

labeled

with

antiserum

of

al

isoform.

Relatively heavy labeling is shown along the basolatal membrane

(arrows).

(B)

There are very few gold particles

either in mitochodria

(Me)

labeling of the a3
mitochodria (Me)

shown

or on the basolateral membrane,

none in the basement membrane
with anti a2 antibody.

(arrows)

(Bm),

when section was

and

incubated

(C) As in apical side of the renal cell,

isoform is present in the inner membrane of

(arrows) instead of on the plasma membrane.

(D)

The pattern and intensity of labeling of the 01 isoform (arrows)
is similar to those of al
(arrows).

isoform

in the basolateral

membrane

fr£I

N‘ * .

'Z?

Immunoelectron micrographs of rat brain cortex

Fig.5.

with polyclonal rabbit antisera against the

labeled

a2 and a3

al,

forms of rat Na,K-ATPase and 10 nm protein-A-gold.

(A)

iso

Longitu

dinal section of a myelinated axon labeled with antiserum against

al

shows

isoform

(arrows)
(B)

and

a2

(arrows)

and

(Ms)

sheath

not much

section of

Cross

against

that

isoform.
very

labeling

is

mostly

in the myelin sheath

a myelinated axon
Labeling

few gold

(arrrow head).

is

seen

particles
(C)

rows)

isoform.

mostly

are

(arrow head) .

around

seen

axolemma

in

antiserum

axolemma

the

meylin

Longitudinal section around the

labeled with anti

The distribution of a3 isoforms

is along the cytoskeleton (Cs)

nucleus.

(Ms)

the

labeled with

axon hillock (Ah) where it is not myelinated,

serum against a3

along

(arrow head)

of axon.

(ar
Nu:

■J
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Fig.6.

Immunoelectron

treated with normal
concentration

of

micrographs

rabbit

normal

of

rat

bone

marrow

IgG used as a control.

rabbit

IgG

was

adjusted

cells

The protein

to

the

same

concentation as the antiserum against a3 isoform used for label

ing, and 10 nm protein-A-gold was used.

There were very few gold

particules in either the erythroblast (A) or the reticulocyte (B)

and the actual

numbers were extremely small amount compared to

those shown

Fig.

reticulocyte.

in

8

or

12.

Legends:

Eb,

erythroblast;

Rt,

* W ./
•

«

L* f

0.5/xm
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Fig.7.

Immunoelectron micrographs of rat reticulocytes treated

with preabsorbed antiserum as a

irrelavent antibody.

This section was

negative control,

or with

an

Protein-A-gold used was of 10 nm size.

(A)

incubated with polyclonal

against rat kidney

al

isoform of Na,K-ATPase

absorbed with rat kidney microsomes.

are seen in the reticulocyte.
rabbit anti chicken IgG.

tion.

antiserum of rabbit

which was pre

Only a very few particles

(B) This section was incubated in

No gold particles are seen in this sec

A

P

y
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Fig.8.

Immunoelectron micrographs of erythroblastic cells of rat

at three different

stages of maturation labeled with antiserum

against al isoform of Na,K-ATPase and 10 nm protein-A-gold. These

figures show changes in the abundance of al isoform during matu
ration.

bone

(A) An erythroblast and a reticulocyte (B)

marrow.

blood.

(C)

A mature

The amount of

red

labeling

blood cell

in the

reticulocyte ; Rc, red blood cell.

from

reticulocyte

numerous than that in the erythroblast (A).
in the mature red bllod cell (C).

is

are from the
the

(B)

whole

is more

Lableing is minimal

Legends: Eb, erythroblast; Rt,

ZVI

>
k

Fig.9.

Apparent densities of al isoform of Na,K-ATPase found in

erthroblasts (Eb), reticulocytes

(Rc)

of rats.

(Rt) and mature red blood cells

in the cytoplasm

Density

is computed

from

the

number of gold particles present in the cross sectional area of
the cell,

whereas density on the cell membrane is calculated by

dividing the

number of gold particles on the parameter of the

cross section of the cell by the length of the parameter.

Any

gold particles within a distance of one gold particle away from
the margin of the cell are counted as on the plasma membrane.

The antiserum was a polyclonal rabbit antiserum raised specifi

cally against the al isozyme of the rat enzyme,
tein-A-gold was used to mark the antibody.

and 10 nm pro-

The optimal dilution

of antiserum against the al isoform (see Table 1) was previously
determined to yield maximum gold

labeling.

concentration was at a dilution of 1:200.

measurements are given.

Error bars

are

The protein-A-gold

Mean values of several

standard errors

of the

means. The number of cells analyzed are given in the parentheses.
Differences

Rc,

in cytoplasmic densities between Eb and Rt,

Rt and

and in membrane densities between Eb and Rt, Rt and Rc,

all significant, p < 0.05.

are

Cytoplasm
10 -i

Density of a1 in Cytoplasm (#/p 2)

(16)
8 -

Membrane

6

~ 1.6

- 1.2

(7)

(7)

4 -

(16)

- 0.8

(18)

2 -

-0.4
(18)

0

- 0.0

Eb

Eb Rt Rc
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Rt Rc

Density of a1 on Membrane (#/p)

- 2.0

Fig.10. Immunoelectron micrographs of erythroblastic cells of rat
at three different stages of maturation labeled with antiserum

against a2 isoform of Na,K-ATPase and 10 nm protein-A-gold. These
figures show changes in the abundance of al isoform during matu

ration.

(A)

is a section of bone marrow cells, while

(B)

a sec

tion of whole blood. The labeling density of a2 isoform in kinds

of the erythroblastic cells is much less than that of al
or a3 isoform (Fig.12).
labeling,

the

amount

of

al isoform

As also shown in Fig. 8 for

a2

isoforms

increases

in

reticulocyte

(Fig.lOA), and decreases in the mature red blood cell

but the magnitude of change is small

(see Fig.11).

erythroblast; Rt, reticulocyte; Rc, red blood cell.

(Fig.8)

(Fig.lOB)

Legends: Eb,

w

.
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Fig.11. Apparent densities of a2 isoform of Na,K-ATPase found in

erthroblasts (Eb), reticulocytes (Rt) and mature red blood cells

(Rc)

rats.

of

Density

in the

cytoplasm

is computed

from the

number of gold particles present in the cross sectional area of
the cell,

whereas density on the cell membrane is calculated by

dividing the number of gold particles on the parameter of

the

cross section of the cell by the length of the parameter.

Any

gold particles within a distance of one gold particle away from
the margin of the cell are counted as on the plasma membrane.

The

antiserum

used

was

a

polyclonal

rabbit

antiserum

specifically against the a2 isozyme of the rat enzyme,

protein-A-gold was used to mark the antibody.

raised

and 10 nm

The optimal dilu

tion of antiserum against the a2 isoform ( see Table 2) was pre

viously determined to yield maximal gold labeling. The protein-Agold concentration was at a dilution of 1:200.

Mean values of

several measurements are given. Error bars are standard errors of
the means. The number of cells analyzed are given in the paren
theses.

Differences in cytoplasmic densities between Rt and Rc,

and in membrane densities between Rt and Rc, are significant, p <
0.05.

Cytoplasm

(15)

2

Membrane

(6)

- 0.4

(12)

(6) (15)

1

- 0.2

(12)

0.0

0

Eb

Rt

Rc

Eb
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Rt

Rc

Density of a2 on Membrane (#/p)

Density of a2 in Cytoplasm (#/p : )

r- 0.6

Fig.12. Immunoelectron micrographs of erythroblastic cells of rat

at three different stages of maturation labeled with antiserum
against a3 isoform of Na,K-ATPase and 10 nm protein-A-gold. These

figures show changes in the abundance of a3 isoform during matu
ration.

bone

marrow.

blood.

is

(A) An erythroblast and a reticulocyte (B) are from the

more

(C)

A mature

red

blood cell

is

the whole

from

The increase in a3 isoform in the reticulocyte
remarkable

than

those

in

al

(Fig. 8)

or

a2

(arrows)
isoform

(Fig.10) and the decrease of this isoform in the mature red blood
cell

is also more drastic than those of al or a2

Fig.13).

Legends:

blood cell.

Eb,

erythroblast;

Rt,

isoforms

reticulocyte;

Rc,

(see
red

A

B

If
'
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0.5/4m

Fig.13. Apparent densities of a3 isoform of Na,K-ATPase found in

erthroblasts (Eb), reticulocytes

(Rc)

of

rats.

Density

in the

(Rt)

and mature red blood cells

cytoplasm is computed

from

the

number of gold particles present in the cross sectional area of

the cell, whereas density on the cell membrane is calculated by

dividing the number of gold particles on the parameter of the
cross section of the cell by the length of the parameter.

Any

gold particles within a distance of one gold particle away from
the margin of the cell

The

antiserum

used

was

are counted as on the plasma membrane.

a

polyclonal

rabbit

antiserum

specifically against the a3 isozyme of the rat enzyme,

protein-A-gold was used to mark the antibody.
tion(see

Table

3)

of

antiserum

determined to yield maximal

against

gold labeling.

concentration was at a dilution of 1:200.
measurements are given.

the

Error bars are

raised

and 10 nm

The optimal dilua3

was

previously

The protein-A-gold

Mean values of several

standard errors

of the

means. The number of cells analyzed are given in the parentheses.

Differences in cytoplasmic densities between Eb and Rt,

Rt and

Rc, and in membrane densities between Rt and Rc, are all signifi
cant, p < 0.05.

Cytoplasm
r 2-5
(11)

20 -

- 2.0

Membrane

15 -

10 -

(5)

- 1.0

(5) <11

(17)

5

- 1.5

- 0.5

(17)
0.0

0
Eb

Rt

Eb

Rc
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Rt

Rc

Density of a3 on Membrane (#/p)

Density of a3 in Cytoplasm (#/p 2)

25 ->

Fig.14. Immunoelectron

micrographs

labeled with antisera against the

of

rat

bone

01 and 02

ATPase and 10 nm protein-A-gold, illustrating
the 01 and 02

marrow

cells

isoforms of Na,K-

minimal changes of

isoforms during maturation of the erythroblastic

cells.

(A) Section was incubated with the anti 01 isoform anti

serum.

(B) Section was incubated with the anti 02 isoform anti

serum.

Both sections do not show any apparent changes

in the

density of either isoform during cell maturation, and the

label

ing of both

isoforms are much

isoform(Fig.8 and Fig.12).

ulocyte.

less than that

in the al or a3

Legends : Eb, erythroblast; Rt, retic

• *#? •

■ w»
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Apparent densities of 01 isoform of Na,K-ATPase found in

FIG.15.

erthroblasts (Eb) and reticulocytes (Rt) of rats.

Density in the

cytoplasm is computed from the number of gold particles present

in the cross sectional area of the cell,

whereas density on the

cell membrane is calculated by dividing the number of gold parti
cles on the parameter of the cross section of the cell by the

length of the parameter. Any gold particles within a distance of
one gold particle away from the margin of the cell are counted as

a

polyclonal

rabbit antiserum raised specifically against the 01

isozyme of

on the

plasma

the rat enzyme,

antibody.

membrane.

The

antiserum used

was

and 10 nm protein-A-gold was used to mark the

The optimal dilution

( see Table

4)

of

the

antiserum

against the 01 isoform was previously determined to yield maximal

gold labeling.

The protein-A-gold concentration was at a dilu

tion of 1:200.

Mean values of several measurements are given.

Error bars are standard errors of the means. The number of cells

analyzed

are

given

in

the

parentheses.

Difference

densities between Eb and Rt is significant, p < 0.05.

in membrane

Density of 01 in Cytoplasm (#/p2)

o
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o
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Density of 01 on Membrane (#/p)

Fig.16.

Apparent densities of 02 isoform of Na,K-ATPase found in

erthroblasts (Eb) and reticulocytes (Rt) of rats.

Density in the

cytoplasm is computed from the number of gold particles present

in the cross sectional area of the cell,

whereas density on the

cell membrane is calculated bv dividing the number of gold parti

cles on the parameter of the cross section of the cell by the

length of the parameter. Any gold particles within a distance of
one gold particle away from the margin of the cell are counted as

on the plasma

membrane.

The

antiserum

used was

a polyclonal

rabbit antiserum raised specifically against the 02
the rat enzyme,

antibody.

isozyme of

and 10 nm protein-A-gold was used to mark the

The optimal dilution

(see Table 5)

of the antiserum

against the 02 isoform was previously determined to yield maximal

gold labeling.

The protein-A-gold concentration was at a dilu

tion of 1:200.

Mean values of several measurements are given.

Error bars are standard errors of the means. The number of cells
analyzed are given in the parentheses. Differences in cytoplasmic

and membrane densities between Eb and Rt are not significant, p <

0.05.

Density of 02 in Cytoplasm (#/p2)

O
"O

0)
(/>
3
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(D
3
CT
S
D
CD

Density of 02 on Membrane (#/p)

Relative densities of isoforms of a and 0 subunits of

Fig. 17.

Na,K-ATPase found in the cytoplasm of rat erythroblasts.

Density

in the cytoplasm is computed from the number of gold particles

present in the cross sectional area of the cell.
used were

the al,

a2,

The antisera

polyclonal rabbit antisera raised specifically against
a3,

01 or 02 isozyme of the rat enzyme,

and 10 nm

protein-A-gold was used to mark the antibody. The optimal dilu

tions of the antisera

(see Tables 1,

2,

3,

4

and 5)

viously determined to yield maximal gold labeling.

A-gold concentration was at a dilution of 1:200.

were pre

The proteinMean values of

several measurements are given. Error bars are standard errors of
the means. The number of cells analyzed are given in the paren

theses. Differences in cytoplasmic densities among the a isoforms

(i.e. al vs. a2, al vs. a3, a2 vs a3) , and between a and 0 sub
units
0.05.

(al vs 01 or 02,

a3 vs 01 or 02),

are significant,

p <

10 -,

Erythroblast-Cytoplasm

V)
E
o
8

X3
C
m
a
o

&
<n

(3)

c
O
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Fig.18.

Relative densities of isoforms of a and 0 subunits of

found on the plasma membrane of rat erythroblasts.

Na,K-ATPase

Density on the cell membrane is calculated by dividing the number

of gold particles on the parameter of the cross section of the
cell by the length of the parameter. Any gold particles within a
distance of one gold particle away from the margin of the cell

are counted as on the plasma membrane.
polyclonal

rabbit antisera raised

The antisera used were

specifically against the al,

a2, a3, 01 or 02 isozyme of the rat enzyme,
gold was used to mark the antibody.

Tables 1,

2,

3,

and 10 nm protein-A-

(see

The optimal dilutions

4 and 5) of the antisera were previously deter

mined to yield maximal gold labeling. The protein-A-gold concen

tration was at a dilution of 1:200.

Mean values of several meas

urements are given. Error bars are standard errors of the means.
The number of cells analyzed are given in the parentheses.

ferences in cytoplasmic densities among the a isoforms

Dif

(i.e.

al

vs. a2, al vs. a3, a2 vs a3 ) , between al and 01 or 02, and bet
ween 01 and 01 are all significant, p <

0.05.

Erythroblast-Cell Membrane

1.0 -i

Density of a and p Isoforms ( #

/p )

(7)

(5)

0.5 -

(3)

(3)
(6)

0.0

a1

a2

a3
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P1

P2

Relative densities of isoforms of a and 0 subunits of

Fig.19.

Na,K-ATPase found in the cytoplasm of rat reticulocytes.

Density

in the cytoplasm is computed from the number of gold particles
present in the cross sectional area of the cell.
used were
the al,

polyclonal rabbit antisera raised specifically against

a2, a3, ^1 or 02 isozyme of the rat enzyme,

protein-A-gold was used to mark the antibody.
tions

The antisera

(see Tables 1,

2,

4 and 5)

3,

and 10 nm

The optimal dilu

of the antisera were pre

viously determined to yield maximal gold labeling.

Mean values

of several measurements are given. Error bars are standard errors

of

the means.

parentheses.

The

number

Differences

of
in

cells

analyzed

are

cytoplasmic densities

given

among

in

the

the

a

isoforms (i.e. al vs. a2, al vs. a3, a2 vs a3 ; p < 0.01) , between
01 and 02 isoforms (p < 0.05), and between a and 0 subunits (al
vs 01 or 02, a3 vs 01 or 02; p < 0.01), are all significant.

Reticulocyte-Cytoplasm

Density of a and p Isoforms ( #

/ g2)

25 -i

(11)
20 -

15 -

10 -

(16)

5 -

W

(15)

(5)

0
al

a2

P2
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Fig.20.

Relative densities of isoforms of a and 0 subunits of

Na,K-ATPase found on the plasma membrane of rat reticulocytes.

Density on the cell membrane is calculated by dividing the number
of gold particles on the parameter of the cross section of the
cell by the length of the parameter. Any gold particles within a

distance of one gold particle away from the margin of the cell

are counted as on the plasma membrane.
polyclonal

rabbit antisera

The antisera used were

raised specifically against

a2, a3, /JI or 02 isozyme of the rat enzyme,

the al,

and 10 nm protein-A-

gold was used to mark the antibody. The optimal dilutions of the

antisera

(see Tables 1,

2,

3,

4 and 5)

were previously deter

mined to yield maximal gold labeling. The protein—A—gold concen
tration is at a dilution of 1:200.

Mean values of several meas

urements are given. Error bars are standard errors of the means.
The number of cells analyzed are given in the parentheses.

ferences in cytoplasmic densities among the a isoforms

Dif

(i.e.

al

vs. a2, al vs. a3, a2 vs a3, p < 0.01), between al and 01 or 02
(p < 0.01), and between 01 and 02 (p < 0.05) are all significant.

Density of a and p Isoforms ( # / y )
1.0
Reticulocyte-Cell Membrane
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Fig.21.

Immunoelectron micrographs of bone marrow cells labeled

with antiserum against the al isoform of rat Na,K-ATPase and 5 nm
protein-A-gold.
(arrows)

(Fig.8).

with

is

The labeling density with 5

increased,

when

compared

with

nm protein-A-gold

lOnm

protein-A-gold

This indicates that the labeling efficiency is higher

5 nm protein-A-gold than with lOnm protein-A-gold. Legends:

Eb, erythroblast; Rt, reticulocyte.

4
^■1
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Fig.22.

Immunoelectron micrographs of bone marrow cells labeled

with antisera agianst a2 and 01 isoforms of Na,K-ATPase and 5 nm
protein-A-gold. As with the case 10 nm protei-A-gold, the label
ing (arrows) densities of both a2 and £1 isoforms
than that of al isoform (Fig.

cles.

(A)

21)

are much less

with this smaller gold parti

Section was treated with anti a2

isoform antiserum.

(B) Section was treated with anti 01 isoform antiserum.

a

î.

R1W

%
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Fig. 23.

Comparison of the labeling efficiecy of 5 nm and 10 nm

protein-A-gold particles.

If there are three antigenic sites on

the protein, they could be labeled by two 5nm gold particles (A),
or labeled by only one 10 nm particle because the large gold has

more protein-A on it (B).

Fig.23

G5
Ag-Ab-G5 complex

Ag Ab complex

172
GIO

Ag-Ab complex

Ag-Ab-G 10 complex

Fig.24.
labeled

Immunoelectron micrograph of a rat erythroblast doubled
with

two

antibodies,

Abi(O/N)-G10-Ab2(0/N)-G5.

The

according

ultrathin

to

protocol,

the

cryosection

of

rat

erythroblast was first treated in 4°C overnight with the antiser
um against al and 10 nm protein-A-gold particles, followed by the

antiserum against

01 and 5 nm protein-A-gold particles.

Most of

the large gold particles formed complexes (large arrows) with the

small gold particles and there are many other individual small
gold particles

(small arrows)

tached to an al

isoform.

this

protocol,

(refer to text).

a

number

which represent 01

isoforms at

It should be pointed out that using

of

pseudo-complexes

could

be

formed

-%

♦

y v
,*•
-
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Fig.25.

Comparison of the effectiveness of labeling with either

large or small protein-A-gold first.
tein-A-gold

labeling

(A)

particles

as

the

probe

The use of the 10 nm pro-

for

the

first

antigen-IgG

has more possibilities of having the protein-A on

the first probe binding to the Fab sites of the second IgG than
the use of 5 nm gold particles

(B) .

Therefore,

using the small

protein-A-gold particles first seems to be better for protein-Agold double labeling.

Fig. 25

Ag-Ab-G 10
complex

2nd Ab

G10G5
pseudo-complex

176
2nd Ab

Ag-Ab-G5
complex

Wash

GIO

Fig.26.

Immunoelectron

micrographs

of

rat

bone

marrow

cells

treated with the polyclonal rabbit antisera against the al and pl

isoforms of rat Na,K-ATPase,
to the protocol,

and 5 nm protein-A-gold

Abi(0/N)-G5-pA(O/N)-Ab2(0/N)-GIO.

according

Sections of

the bone marrow cells were treated with anti al isoform antiserum

overnight

marker.

and

5

nm

of

protein-A-gold

particles

as

the

first

Then the sections were covered with free protein A for 5

minutes. After excess free protein-A was washed off, the sections

were incubated in antiserum against the pl isoform overnight and
labeled with 10 nm protein-A.

There are very few al01 complexes

seen in both the erythroblast (A) and the reticulocyte (B).

Im

178

6ZI

A possible explanation for results shown in Fig.26, i.e.

Fig.27.

using

the

protein-A-gold

free

Ab2(0/N)-GIO

Abi(0/N)-G5-pA(0/N)-

protocol,

immunoeletron

is not suitable for double-labeling

(A)

for two antigenic sites sitting side by side.

microsopy

This shows the situation where no free protein-A is usual after

with the consequence that the first

the first probe labeling,

antigenic sites become susceptible to binding by the large gold
(2nd probe).

first antigen and

sites of the

initially there are 5

For example,

4 sites of the second antigen present. After

the first IgG and small gold labeling (1st probe),
plexes are formed,

the 1st probe
the

(A) .

large gold

three com

and 2 of the first IgG may remain unbound by

These unbound Fc sites are free to bind to

(2nd probe) .

Furthermore,

the protein-A on the

small gold may also bind to the second antibody at the adjacent
site. The final results could be 3 of the first antigenic sites

gold,

are bound to the small

labeling

free protein-A
of

the

second

of second antigenic

sites

but just 1 G5G10 complex is seen.

bound to the large gold,

Using the

4

after the

antigenic

sites

may

be

(B)

labeling,

first probe

reduced.

are

the
For

example, if the number of the 1st and 2nd antigenic site are the

same as in (A) , by covering the unbound Fc sites with free pro
tein-A,

the final results would be 3 of the 1st antigenic sites

are bound to the small,

2nd

antigenic

sites

complex is seen.

are

2

(instead of 4 as seen in (A))
bound

to

the

large

gold

and

of the
1

G5G10

Ag.27

GIO

2nd Ab
Fc arms of 1st Ab
partialy bound by G5

181

\
Free FA
Fc arms of 1st Ab
partial/ bound by G5

2nd Ab

GIO

Fig. 27(C).
concentration

When the first protein-A-gold used is in sufficient
to saturate all the Fc sites of the first anti

body , the chances of having more G5G10 complexes are higher (com
pare (A) and (C) ) .

Fig. 27(C)

183

Fc arms of 1st Ab
saturated by G5

2nd Ab

GIO

Fig.28
a0

Effect of incubation time of the second antibody on the

complex

formation as indicated by

protein-A-gold) co-localization.

sizes

(large and small)

G5G10

(i.e.

5 and 10 nm

Two gold particles of different

found within

10

nm of each

other are

considered to be co-localized on the same Na,K-ATPase molecule.

Density in the cytoplasm is computed from the number of G5G10
complexes present in the cross sectional area of the cell.
antisera used were

The

polyclonal rabbit antisera raised specifical

ly against the al and 01 isozymes of the rat Na,K-ATPase.

Data

obtained from two different double labeling protocols are shown.

(A)

The first two bars show the results of using the protocol,

al (0/N) -G5-/31 (O/N) -GIO vs. al (0/N) -G5-PBSG(0/N) -GIO .

(B)

The 3rd

and 4th bars show the results of using the protocol, al(0/N)-G5PBSG(3hrs)-GIO vs. al(0/N)-G5-Ab2(3hrs)-GIO.

The only difference

between the two sets of protocols

is that the incuba

(A and B)

tion time of the second antibody in (B)
of overnight.

is only 3 hours instead

It is seen that true a!01 complexes

in

(B)

are

more than those in (A) , and the pseudo complexes (PBSG) as indi

cated by the G5G10 co-localization is less in (A) than (B).
This

shows

that

PBSG(3hrs)-GIO

Abi(O/N)-G5-Ab2(3hrs)-GIO

vs.

Abi(0/N)-G5-

is the better protocol for immuno double-labeling

of a0 complex of Na,K-ATPase.

Reticulocyte
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Control

Immunoelectron micrographs of rat reticulocytes labeled

Fig.29.

with rabbit polyclonal antiserum against al or a2 isoform of rat

Na,K-ATPase, according to the protocol,Ab(0/N)-G5-PBSG(3hrs)-GIO.
(A) The reticulocyte was labeled with anti al isoform antiserum,

followed by 5 and 10 nm protein-A-gold particles.
a control

for the double-labeling of al/31 complex according to

the protocol,

al(O/N)-G5-01(3hrs)-GIO.

labeled with anti a2 isoform antiserum,

protein-A-gold particles.
labeling of the

due to

This serves as

(B)

a2/31 complex.

substitution of

the G5

(B)

The reticulocyte was

followed by 5 and 10 nm

is the control

for the double

The single GIO labeling could be

initiallly

present.

The

G5G10

complexes (arrows) present here are considered to be non-specific

pseudo

complexes.

There

are

(arrows) in (A) but few in (B).

some

pseudo

complexes

of

G5G10

Z8I

*
* a

V

Fig.30.

Inununoe1ectron

micrograph

of

rat

reticulocytes

with rabbit polyclonal antiserum against the a3
Na,K-ATPase

in

PBSG (3hrs) -GIO.

rat

according

to

the

treated

isoform of rat

protocol,a3(0/N)-G5-

As in Fig. 29, this serves as a control for the

double-labeling of a301 complex.

The pseudo complexes of G5G10

here are more than those shown for al and a2.

681

1 ' .V *

e < '

ri'

Immunoelectron micrograph of a rat erythroblast double

Fig.31

rabbit antisera against al and 01

labeled with polyclonal

forms of Na, K-ATPase.

This was done according to the protocol,

al(0/N)-G5-01(3hrs)-GIO.
that the al01 complexe

The distributions of the labels ahow

(large arrows)

plasm,

on

single

individual gold particles

the

iso

membrane,

and

even

in

are located
the

nucleus.

(small arrows)

in the cyto

There

are

indicating the

existance of individual al isoforms (small gold particles) and 01
isoforms (large gold particles).
indicate

that

nuclear pore

the

cytoplasmic

(double arrows)

tion of the erythroblast.

tin.

The labeling in the nucleus may
material

is

flowing

into the nucleus,

through

the

before denuclea

Legends: Eb, erythroblast; Ch, chroma
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Fig. 32.

Density

complexes

of al01

localization of G5G10

(Eb)

Data

different

from

two

al(O/N)-G5-01(3hrs)-GIO

indicated by the

5 and 10 nm protein-A-gold)

(i.e.

cytoplasm of erythoblasts
obtained

as

(B)

vs.

(Rt)

and reticulocytes

co

in the
of

rats.

shown,

(A)

al(0/N)-G5-PBSG(3hrs)-GIO.

The

protocols

are

difference between the two protocols is that in the second proto

col

(B) ,

only

anti

one antibody,

G5G10 complexes found in

(B)

and serve as control

(A) .

for

al

is

antiserum,

used.

The

are non-specific pseudo complexes,
The differences between

(A)

and

(B) in both the erythroblasts and reticulocytes are considered to
be the true a 101
bars.

In

significantly
there

complexes.

Eb and Rt,

the

(p < 0.01)

These are shown
density

of

in

true a 101

the

complexes

above the pseudo complexes.

is no signifacant difference

between Eb and Rt (p > 0.05).

in the true

last

a 101

two
is

However,
complexes

Cytoplasm
14 -|

10
E
co
<0
a.
i.

O

o

O
O

&
CO

Rt
aipi

G5G10

aipi
G5G10

193

Rt

Fig.33.

Density

of

localization of G5G10
cell

membrane

of

complexes

al£l

(i.e.

as

indicated

5 and 10 nm protein-A-gold)

erythoblasts

and

(Eb)

co

by

on the

(Rt )

reticulocytes

Data obtained from two different protocols are shown,

rats.

vs.

al (0/N) -G5-/J1 ( 3hrs) -GIO

(B)

al (0/N) -G5-PBSG ( 3hrs) -GIO .

of
(A)

The

difference between the two protocols is that in the second proto
col

(B) ,

only

one antibody,

G5G10 complexes found in

(B)

and serve as control

(A) .

for

anti al

is

antiserum,

used.

The

are non-specific pseudo complexes,
The differences between

(A)

and

(B) in both the erythroblasts and reticulocytes are considered to
These are

the

two

be the

true al01 complexes.

bars.

In Eb and Rt, the density of true al01 complexes is sig

(p < 0.01)

nificantly
there

is

a

signifacant

shown

in

above the pseudo complexes.
difference

between Eb and Rt (p < 0.05).

in

the

true

last

In addition

al/31

complexes

Cell Membrane

3

S
-O
E
<v
2

o
LO
0

o
V)

Rt
aid!

G5G10

Rt

alpl
G5G10

G5G10
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G5G10

Immunoelectron micrograph of a rat early

Fig.34.

reticulocyte

double labeled with polyclonal rabbit antisera against al and 01

isoforms of rat Na,K-ATPase.

This was carried out according to

the protocol, al(0/N)-G5-01(3hrs)-GIO. Mitochondria (arrow heads)
can be clearly seen in the cell, Rtl. This cell is clearly a very

early reticulocyte.

Both isoforms of al and 01 are synthesized

in remarkably large number just after denucleation of erythro

blast.

More single al and 01 isoforms

complexes

(large

arrows)

are

seen

in

(small arrows)

cytoplasms

than

membrane. Legends: Me, mitochondria; Rt, reticulocyte.

and al01

on

the

Mc >

e. X

Rtl
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Fig.35.
cytes

Immunoelectron micrographs of two rat late reticulo

(Rt2 and Rt3)

doubled with the polyclonal rabbit antisera

against al and 01 iosforms of rat Na,K-ATPase.

older than Rtl in Fig.34.

(large arrows)

These cells are

In Rt2, the density of a101 complexes

seems to be about the same as that shown in Rtl,

but with the density of the single isoforms (small arrows) either

in cytoplasms or on the membrane is less.

In the still

later

staged reticulocyte, Rt3, which has the biconcave shape of mature

red cell,

the amount of the a101 complexes or individual al and

01 isoforms is further reduced.

Z

v-

. /•>
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Immunoelectron micrograph of a rat erythroblast double

Fig.36

labeled with polyclonal

forms of rat Na,K-ATPase.

rabbit antisera against a2 and 01

This was carried out according to the

protocol,ot2 (0/N) -G5-01 (3hrs) -GIO.
a201 complexs

(large arrows)

brane,

As

in Fig. 31,

and the of

arrows at small gold particles)
large gold particles)

iso

the

individual

labels of
a2

(small

and 01 isoforms (small arrows at

are located in the cytoplasm,

on the mem

as well as in the retracted cytoplasmic material

in the

nucleus.

The number of individual G5 particles representing

isoforms

is much less than that seen in the case of al0i label

ing
cells.

(Fig.31).

Legends:

Eb,

erythroblast; dr,

a2

debris of other

-.%-'' X
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w

$i?,

Vs

201

Fig.37.
(Rtl

and

Immunoelectron micrograph showing two rat reticulocytes

Rt2)

against a2

double

and 01

labeled

isoforms of

according to the protocol,

of a201 complexes
reticulocyte

(Rtl)

with
rat

polyclonal
Na, K-ATPase.

to

that

(large arrows)
than that

in

the

This

o2(O/N)-G5-01(3hrs)-GIO.

in late

erythroblast.

other cells; Rt, reticulocyte.

antisera

was

done

The number

is slightly more in the early

reticulocyte

average density of o201 in reticulocytes

compared

rabbit

(Rt2).

The

is slightly increased
Legends :

dr,

debris

of

V

» • •
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Fig.38.

Density of <1201 complexes

as indicated by co-localiza-

tion of G5G10 (i.e. 5 and 10 nm protein-A-gold)
of erythoblasts
tained

from

(Eb)

different

two

01(3hrs)-GlOvs.

and reticulocytes

(B)

plexes found in (B)

as control for (A).

are

of rats.

shown,

a2(O/N)-G5-PBSG (3hrs)-GIO.

between the two protocols
only one antibody,

protocols

(Rt)

is

that

in the cytoplasm

Data ob

(A)a2(0/N)-G5-

The

difference

in the second protocol

anti <x2 antiserum,

is used.

( B) ,

The G5G10 com

are non-specific pseudo complexes,

and serve

The differences between (A) and (B)

in both

the erythroblasts and reticulocytes are considered to be the true

a201 complexes.
and Rt, the

(p

<

0.01)

These are shown in the last two bars.

In Eb

density of the true <x201 complexes is significantly

above

thepseudo

complexes.

However,

there

is

no

signifacant difference in the true ct201 complexes between Eb and
Rt (p > 0.05).

Cytoplasm

(5)

E
V)
m
o

O
IO
O

Rt
«2fli

«2

a2(3i

«2

G5G10

G5G10

G5G10

G5G10
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Eb
Rt
a2pi a201

Fig.39.

Density

of

a201

localization of G5G10
cell

membrane

indicated

(Eb)

and

co

by

5 and 10 nm protein-A-gold)

erythoblasts

of

as

reticulocytes

on the

(Rt)

of

Data obtained from two different protocols of carrying out

rats.
the

(i.e.

complexes

double

labeling

experiments

vs.

a2(O/N)-G5-PBSG(3hrs)-GIO.

/J1(3hrs)-GIO
between the

(B)

two protocols

only one antibody,
plexes found in (B)

as control for (A).

are

shown,

(A)
The

a2(O/N)-G5difference

is that in the second protocol

anti a2 antiserum,

is used.

(B) ,

The G5G10 com

are non-specific pseudo complexes, and serve

The differences between (A) and (B)

in both

the erythroblasts and reticulocytes are considered to be the true

a201 complexes.
and Rt,
(p <

These are shown in the last two bars.

In Eb

the density of the true a201 complexes is significantly

0.01)

above the pseudo complexes.

In addition there

is a

signifacant difference in the true a1/31 complexes between Eb and
Rt (p < 0.05).

Density of G5G10 on Cell Membrane (# / p)

1.0 n

Cell Membrane

a 201

Rt

G5G10
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Rt

G5G10

Fig.40.

Immunoelectron micrograph of a rat erythroblast double

labeled with polyclonal a3 and 01 isoforms of a301 of rat Na,K-

ATPase.

This was done according to the protocol,

a3(O/N)-G5-

01(3hrs)-GIO. A number of co-localization of large and small gold

(G5G10) compleexes, larger arrows) can be seen in addition to the

individual G5 and GIO.

The G5G10 co-localization are most likely

to be pseudo complexes (see Fig.44, and text).
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Immunoelectron micrograph an early

Fig.41.

reticulocyte of

rat

double labeled with polyclonal rabbit antisera against a3 and 01

isoforms

of

protocol,

labels

is

(Fig.42) .

rat

Na, K-ATPase.

This

a3(0/N)-G5-01(3hrs)-GIO.

much

less

than

that

was
Note
seen

done

according

that

in

the

late

to

density

the
of

reticulocytes

*

%

*

I,

r

(

J
*

7

211

■*.

>

Immunoelectron

Fig.42.

micrograph

of

two

late

reticulocytes

(rat), double labeled with polyclonal rabbit antisera against

a3

and 01 isoforms of rat Na,K-ATPase. 1 This was done according to
the protocol, a3(0/N)-G5-01(3hrs)-GIO. Note that the density of
labels

is much

(Fig.41).

more

than

that

found

in

younger

reticulocytes

xMJ»
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Fig.43.

Magnified area of the late reticulocyte shown in Fig.42.

This cell was double

labeled

for a3

and 01

ATPase with 5 and 10 ran protein-A-gold

.

isoforms

are

shown

Na,K-

This was done to show

the co-localization of 5 and 10 ran gold particles.

co-localizations

of

Though these

to be pseudo complexes

(see

Fig.42

and text), the network like pattern of double rows of gold parti
cles indicates that the a3

reticulum.

isoforms are trapped

in endoplasmic

?..

#

..

*•
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Fig. 44.

Density

ot3/31

of

localization of G5G10

complexes

(i.e.

cytoplasm of erythoblasts

as

indicated

5 and 10 nm protein-A-gold)

(Eb)

and reticulocytes

(Rt)

Data obtained from two different protocols are shown,

G5-/31 (3hrs) -GlOvs.

(B)

a3 (O/N) -G5-PBSG(3hrs) -GIO.

between the two protocols

only one antibody,
plexes found in (B)

as control for (A) .

the

by

in the

of

is used.

rats.

(A)ot3(0/N)-

The difference

is that in the second protocol

anti at3 antiserum,

co

(B) ,

The G5G10 com

are non-specific pseudo complexes, and serve

The differences between (A) and (B)

in both

the erythroblasts and reticulocytes are not significant (shown in

the last two bars, p > 0.05). Therefore there seems to be no true
a3£l complexes in both cases.

Cytoplasm

35 -i

(5)

Density of G 5G 10 in Cytoplasm (# / p 2)

30 (7)

25 -

20 -

15 -

10 -

(5)

(5)

5 -

0

Eb

Rt

ajpi

<13

«jpi

a3

G5G10

G5G10

G5G10

G5G10
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Eb
Rt
a301 a3pl

Fig.45.

Density

of

a3fil

localization of G5G10

cell

membrane

of

complexes

(i.e.

indicated

as

by

the

5 and 10 nm protein-A-gold)

erythoblasts

(Eb)

and

reticulocytes

on the
(Rt)

Data obtained from two different protocols are shown,

rats.

a3(0/N)-G5-01(3hrs)-GIO

vs.

(B)

co

a3(O/N)-G5-PBSG(3hrs)-GIO.

of
(A)

The

difference between the two protocols is that in the second proto

col

(B),

only one antibody,

G5G10 complexes found in

(B)

and serve as control

(A) .

(B)

in

for

anti a3

antiserum,

is used.

The

are non-specific pseudo complexes,
The differences between

(A)

and

the erythroblasts is significant (p < 0.05), however, the

difference in the

reticulocytes is not significant,

indicating

that there are no true a301 complexes in the reticulocyte mem
brane. These are shown in the last two bars.

Cell Membrane

Density of G5G10 on Cell Membrane (# / g)

1.0 n

(5)

Rt
<1301

G5G10

a30l

G5G10
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Eb

Rt

Fig.46.

with

Immunoelectron micrograph of

polyclonal

ATPase

according

rabbit

to

antiserum

the

rat

against

protocol,

01

isoform

of

labeled
Na, K-

01(O/N)-G5-PBSG(3hrs)-GIO.

This serves as a control for the protocol,

GIO.

reticulocytes

01(O/N)-G5-crl(3hrs)-

There are very few G5G10 complexes seen in the reticulocyte

with this labeling protocol.

221

Fig.47.

Immunoelectron micrograph of a

rat

reticulocyte double

labeled with polyclonal antisera against 01 first and al.

was done according to the protocol,

This

01(0/N)-G5-al(3hrs)-GIO.

As

in the control shown in Fig.46, the complexes of 01al labeled by

G5G10 are very few. Most of the G5 and GIO are seen to be indi
vidually located.
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Fig.48.

Relative abundance of a101, a201 and a301 complexes in

the cytoplasm of erythroblasts and reticulocytes of rats. Density

in the cytoplasm is computed from the number of G5G10 ( 5 nm and
10 nm protein-A-gold)

area

of

the

cell.

complexes present

in the cross

polyclonal

The antisera used were

antisera raised specifically against the al,

sectional

a2,

a3,

rabbit

01 and 02

isozymes of the rat Na,K-ATPase. The double labeling experiments

were carried out according to the
a(0/N)-G5-01(3hrs)-GIO

vs.

(B)

following two protocols:
a(0/N)-G5-PBSG(3hrs)-GIO.

(A)
The

difference between the two protocols is that in the second proto
col

(B) ,

isozymes,

only

one

is used.

antibody,

antiserum

against

The G5G10 complexes found

specific pseudo complexes,

and serve

in

as control

one

of

a

are non

(B)

for

the

(A) .

The

differences between (A) and (B) are considered to be the true a0

complexes.

Only the densities of true a0 complexes are plotted

here (see Figs.32,

38 and 44).

The differences between

(A)

and

(B) for a301 complexes in both the erythroblast and reticulocytes

are statistically insignificant (p > 0.05). They are represented
here as bars with values close to zero.

The density of the a!01

is significantly larger than that of either the a201 complexes or
the a301 complexes in both the erythroblast and reticulocytes (p

< 0.05).

Relative density of ap complexes in cytoplasm (# / p2)

Cytoplasm

(10)

(10)

alpl

a2pl

a3pi

aipi

a2pi

a3pl

Reticulocyte

Erythroblast
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Relative abundance of a 1/91,

Fig. 49

the

cell

membrane

of

erythroblasts

a201 and a301 complexes on

and

reticulocytes

of

rats.

Density on the cell membrane is calculated by dividing the number
of G5G10 5nm amd 10 nm protein-A-gold) complexes

on the parame

ter of the cross section of the cell by the length of the parame
ter.

The antisera used were

specifically against the al,

polyclonal rabbit antisera raised
a2,

a3, 01 and 02

isozymes of the

rat Na,K-ATPase. The double labeling experiments were carried out

according to the following two protocols:
GIO vs.

(A) a(0/N)-G5-01(3hrs)-

(B) a(O/N)-G5-PBSG(3hrs)-GIO. The difference between the

two protocols is that in the second protocol (B), only one anti

body,

antiserum against

G5G10 complexes found in

one of the a

isozymes,

is used.

The

(B)

are non-specific pseudo complexes,

and serve as control for (A).

The differences between (A) and (B)

are considered to be the true a0 complexes. Only the densities of
39 and 45).

true a0 complexes are plotted here

(see Figs.

The differences between

for a301 complexes

(A)

and

(B)

33,

the erythroblast and reticulocytes are statistically

cant

(p > 0.05) .

close to zero.

in both

insignifi

They are represented here as bars with values

There is a significant decrease of the density of

the al01 complexes and the a201 complexes on the cell membrane
between erythroblasts and reticulocytes (p < 0.05).

2.0 -,
(10)

1.5 -

(10)

(# /p )

Relative density of a0 complexes on cell membrane

Cell Membrane

1.0 -

(10)
(10)

0.5 -

(10)

(10)

o.o
aipi

a2pi

a3pl

aipi

a2pi

a3pi

Reticulocyte

Erythroblast
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Fig.50.

Immunoelectron micrograph of a rat granulocyte labeled

with polyclonal rabbit antisera against al and 01 isoforms of rat
Na,K-ATPase.

This was done according to the protocol,

The a!01 complexes (large arrows) or the indi

G5-/Î1 (3hrs) -GIO.

vidual isoforms

al(0/N)-

(small arrows)

are seen to lie along the endo

plasmic reticulum, the plasma membrane or around the membranes of
the mictochondria

(Me)

and granules

(Gu),

but they are randomly

distributed in the retracted cytoplasmic material in the nucleus

(Nu) .

»

<•*

****
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%

Fig.51.

Immunoelectron

micrograph

forms of rat Na,K-ATPase.

This was done

al (O/N) -G5-/Î1 ( 3hrs) -GIO.

which synthesized
endoplasmic

granulocyte

This

is

(Er).

The

gold

iso

according to the proto
a

younger

granulocyte

less mature granules but with well

reticulum

doubled

rabbit antisera against a2 and pl

labeled with polyclonal

col ,

rat

of

particles

are

developed
seen

to

clearly line along the membrane of the endoplasmic reticulum and
on the cell membrane ; a few are found in the mitochondria (Me).

1 *
i
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Fig.52.

Immunoelectron micrograph of a

rat granulocyte

with polyclonal rabbit antisera against the a3

ATPase.

This

was

done

according

to

the

labeled

isoform of Na, K-

protocol,

a3(O/N)-G5-

PBSG(3hrs)-GIO. There are only very few a3 isoforms in the granu
locyte (Gn) in contrast with that shown in the reticulocyte (Rt).

As seen

found

in

in the renal
the

inner

tubular cells,

membrane

granulocyte (small arrows).

of

the

the

a3

isoforms are

mitochondria

(Me)

of

also

the

X;

»

&

>
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Fig.53.

Identification of a3

isoform

in reticulocyte

rich

rat

bone marrow extract (A) with immunoblotting using monoclonal anti

a3 antibody.

An extract

of rat brain cortex (B)

known to con

tain a large amount of <%3 was used for comparison.

Monoclonal

anti mouse a3 isoform antibody, McB-X3, was used to immunoblot.

A

B
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ABSTRACT

The sodium pump activity declines rapidly after denucleation
of erythroblastic cells.

To investigate whether this decrease in

the rat erythroblastic cells is due to changes in isoforms of the

a and 0 subunits of the Na,K-ATPase during maturation, techniques
of cryoultramicrotomy and immunoelectron microscopy with proteinA-gold were used.

Specific antisera against various isoforms of

the a and 0 subunits of rat Na, K-ATPase were used to label the

bone marrow and red blood cells of rats.
the

erythroid

series

at

different

Three types of cells of

of

stages

maturation

were

studied: erythroblasts, reticulocytes and mature red blood cells.
It was found that all the tested isoforms of the a subunit (al,
a2 and a3)
cells.

and the 0 subunit

The a3

(01 and 02)

are present

isoform is the major isozyme

in these

in the cytoplasm,

whereas al is the most abundant isoform on the cell membrane. The
01

and 02

isoforms

are much

less

abundant

than

the

al

or a3

isoforms, indicating that there is no coordinate synthesis of the
a and 0 subunits.

During maturation of the cells,

there

transient increase in the cytoplasmic subunits, particularly
al and a3

isoforms,

in reticulocytes.

is a
the

The reason for this in

crease is not clear. This increase could be a transient response

to the increase in intracellular sodium during denucleation. The
numbers of these isoforms decrease drastically in the mature red
blood cells. Changes of the a0 complexes, which may represent the

fully assembled pump units,

were studied by labeling the two
251

different subunits with two different sized protein-A-gold parti
cles (5 and 10 nm). Although there are some a101 complexes in the

cytoplasm of reticulocytes,

their number

on the membrane de

creases continuously from erythroblast to mature red blood cells.

The a3 isoforms are trapped in the endoplasmic reticulum,

prob

ably due to not having enough 0 subunits to complex with them.
Therefore the reduction in sodium pump activity during maturation
of erythroblastic cells is referable to a decrease in the a101

complex on the cell membrane.
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